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Abstract 
The capacity for photosynthetic acclimation to different PFD during 
growth was investigated in a number of species possessing CAM, both 
under controlled conditions in the glasshouse and in a variety of 
natural habitats. In unstressed, non-photoinhibited CAM tissues, the 
quantum yield of o2 exchange was found to range from approximately 0.095 
-1 to 0.115 mol o2 mol quanta absorbed, comparable to that observed in a 
survey of c3 species, regardless of growth PFD, decarboxylation subtype, 
or co2 source. This indicates that co2 fixation in the light is 
energetically independent of gluconeogenesis during deacidification. 
The ratio of variable over maximum (F /F) fluorescence from PSII was V m 
also relatively constant in non-photoinhibited tissues, as theory 
predicts that it should be, despite large increases in the absolute 
levels of fluorescence (F and F) with increasing shade during growth. 
o rn 
Acclimation of CAM plants to shade was indicated by increases in 
chlorophyll content and decreases in leaf thickness, rates of 
respiratory o2 uptake, the PFD required for saturation of 
photosynthesis, the rates of photosynthetic o2 exchange at or near light 
13 
saturation, the levels of nocturnal acid accumulation, and o C values 
relative to plants which experienced a higher PFD during growth. Growth 
under lower PFD, however, resulted in a greater susceptibility to 
photoinhibition by high light. 
To test the hypothesis that the co2 provided by the physiology of 
CAM plants during the decarboxylation of malic acid in the light is 
capable of alleviating photoinhibition, leaves of Kalanchoe pinnata were 
exposed in the dark to air (allowing the fixation of co2 into malic 
acid) or 2%02, O%co2 (preventing malic acid accumulation). They were 
then exposed to bright light in the presence -or absence of external co2 
and light dependent inhibition of photosynthetic properties assessed by 
changes in 77K fluorescence from PSII, light response curves and quantum 
yields of o2 exchange, rates of electron transport from H2o through Q8 
in isolated thylakoids, and numbers of functional PSII centers in intact 
leaf discs. Sun leaves of K. pinnata experienced greater 
photoinhibition when exposed to high light in the absence of co2 if 
malic acid accumulation had been prevented during the previous dark 
period. Shade leaves experienced a high degree of photoinhibition when 
exposed to high light regardless of whether malic acid had been allowed 
t o a ccumulate in the p reviou s dark pe r i od or not . 
vii 
Despite the protection against photoinh i bition afforded by CAM 
demonstrated by the short-term experiments described in the previous 
paragraph, CAM plants growing in full sunlight in their natural habitats 
experienced photoinhibition to a high degree. In the Mojave Desert of 
California, Opuntia basilaris was studied on six different occasions 
during 1985. The east, west, and south facing cladode surfaces were 
much more photoinhibited than the sun-protected north face throughout 
the year, except in May shortly after a spring rainfall when 
considerable recovery from photoinhibition was apparent. 
A CAM vine, Hoya australis, exhibited acclimation to deep shade when 
growing in sheltered rock crevices, and was photoinhibited in full 
sunlight growing on a rock outcrop at a site on the eastern coast of 
Australia. The c3 vine Smilax australis was also shade tolerant, but 
exhibited little evidence of photoinhibition in full sunlight. Two 
other c
3 
vines, Ipomoea pes-caprae and Kennedia rubicunda, both of which 
were apparently shade intolerant (being found only in full sunlight), 
possessed high quantum yields and much higher photosynthetic capacities 
than either H. australis or S. australis. 
Both O. basilaris and H. australis exhibited diurnal changes in 77K 
fluorescence in reponse to incident PFD indicative of the operat ion of a 
mechanism whereby excess energy is diverted from the reaction centers 
via an increase in nonradiative dissipation. This protective response 
was particularly pronounced in sun leaves of H. australis following five 
days of heavy rainfall. Much of the photoinhibition of the CAM tissues 
growing in full sunlight may, in fact, reflect a high capacity for this 
protective mechanism rather than actual damage to the photosynthetic 
apparatus. 
Two CAM epiphytes, one a fern with a limited capacity for CAM 
(Pyrrosia confluens) and the other an orchiq (Dendrobium speciosum), 
were also studied in constrasting light environments. Once again, both 
exhibited evidence of acclimation to shade and an inability to acclimate 
to full sunlight. However, the light environment in the epiphytic 
habitat is rarely static, and considerable recovery from photoinhibition 
in a sun population of P. confluens fronds was observed near the summer 
solstice when the canopy shielded this population from direct sunlight 
for most of the day. Such seasonal and diurnal changes in PFD may be 
important to the survival of epiphytic species with a limited capacity 
for CAM activity. 
viii 
lastly, a platyopuntia similar to 0. basilaris, 0. stricta, 
exhiblited evidence of reduced photochemical efficiency in full sunlight, 
howev~r its photosynthetic capacity and levels of CAM activity 
(noctiDlrnal acid accumulation) were much greater than any of the other 
species possessing CAM under field conditions. Furthermore, when 
exposed to full sunlight, shade acclimated tissues of this species 
exhibited changes in fluorescence from PSII indicative of only an 
increase in nonradiative dissipation of energy, while similar 
measurements from exposed shade tissues of H. australis indicated damage 
to PSII. It appears that the level of CAM activity is reduced in most 
CAM plants under natural conditions such that the co2 provided in this 
manner is insufficient to prevent photoinhibition in full sunlight. 
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Chapter 1 - INTRODUCTION 
Light and Crassulacean Acid Metabolism - Background and Scope 
Brief Synopsis of the CAM Pathway 
Since the first treatise on CAM in 1960 (Ranson and Thomas 1960), 
there have been numerous reviews of the topic, particularly in the past 
decade (Cockburn 1985; Edwards and Walker 1983; Kluge 1982; Kluge and 
Ting 1978; Osmond 1978; Osmond and Holtum 1981; Ting 1985; Winter 1985), 
as well as proceedings from two meetings devoted solely to this pathway 
of photosynthesis (Medina 1984; Ting and Gibbs 1982). Given this 
relative plethora of information, another in-depth review of the subject 
is hardly warranted, nor would it be particularly germane to the main 
thrust of this thesis. However, a basic understanding of the major 
functional aspects of CAM which set it apart from the c3 pathway of 
photosynthesis, and have made previous studies of the influence of light 
on photosynthesis of CAM plants both difficult and time consuming, is 
necessary before proceeding further. 
The photosynthetic tissues of most plants that do not possess CAM 
engage in very low levels of co2 exchange at night (Osmond 1976). In 
CAM plants, however, the transition to darkness initiates the fixation 
of co2 into malic acid by PEP carboxylase in the cytoplasm of 
photosynthetically active tissues. This malic acid is stored in the 
vacuole and accounts for almost all of the nocturnal increase in acidity 
observed in such plants (Buser and Matile 1977; Kenyon et al 1978; 
Vickery 1953, 1954, 1957). During the subsequent light period the malic 
acid returns to the cytoplasm where decarboxylation takes place (Edwards 
et al 1982). The released co2 is then fixed, through the PCR cycle, 
into the same products of photosynthesis as found in the leaves of any 
c3 plant. Apart from specific translocator requirements (Edwards et al 
1982; Osmond and Holtum 1981), there is little evidence that the 
chloroplasts of CAM plants should differ from those of c3 plants (Dernrnig 
and Winter 1983; Piazza and Gibbs 1983; Spalding and Edwards 1980). 
Furthermore there is no reason to suspect that they should respond 
differently to differences in PFD during growth. 
Stomata of CAM plants also function in the same manner as do those 
of c3 plants, except that responses to light are sometimes overridden by 
other factors. Thus when co2 is being fixed by PEP carboxylase during 
the dark, the low internal partial pressure of CO2 (pi) overrides the 
2 
dark closing response and the stomata remain open allowing the continued 
diffusion of co2 into the tissues. It should be noted, however, that 
even when fully open the stomatal conductance of CAM plants is often not 
much greater than that of herbaceous c3 plants in the dark. During the 
process of malic acid decarboxylation in the light, pi is maintained at 
a high level (Cockburn et al 1979; Spalding et al 1979), and the stomata 
remain tightly closed due to the high co2 levels, despite the light 
dependent opening response. Once all of the co2 released from malic 
acid decarboxylation has been utilized in the PCR cycle, p. declines 
1 
and, in many CAM species, the stomata open allowing the direct fixation 
of atmospheric co2 through the PCR cycle during the latter portion of 
the light period (Osmond and Bjorkman 1975; Winter 1980). In most cases 
the majority of gaseous exchange between the plant and the atmosphere 
occurs during the dark, although in some of the epiphytic CAM plants 
other gas exchange patterns have been recorded (Winter et al 1983). 
Stomata of CAM plants are also highly sensitive to plant water 
status. During a period of decreasing water availability stomata will 
remain closed during the afternoon and, as plant W falls, will restrict 
stomatal opening during the dark (Kluge and Ting 1978; Osmond 1978). As 
this occurs, the proportion of atmospheric co2 fixed into malic acid 
during the night declines (Martin and Adams 1987). If the drop in plant 
Wis severe enough, the plant can even enter into a CAM-idling mode in 
which stomata remain closed and all of the nocturnally fixed co2 is 
respiratory in origin (Nobel 1977; Szarek et al 1973). Although this 
prevents the uptake of any atmospheric co2 , limiting the plant to 
recycling respiratory and photorespiratory co2 and thereby preventing 
any net growth, it does allow the plant to maintain a relatively high 
water potential during periods of decreased water availability (stress 
avoidance). 
CAM Habitats and Previous Studies of the Influence of Light on CAM 
Plants 
The restriction of the majority of co2 uptake to night, when 
evaporative demand is lowest, and the ability to close stomata 
continuously in response to a decrease in plant W, are clearly of great 
survival value to CAM plants in maintaining positive water balance in 
habitats subject to periods of decreased water availability (Neales et 
al 1968; Osmond 1978; Szarek and Ting 1975a). While this is obviously 
an advantage in arid and semi-arid macrohabitats, such as the desert 
regions of the world (Mooney et al 1974, 1977; Tenhunen et al 1982; 
Winter 1979), its importance in microhabitats subject to rapid loss of 
available water following precipitation events, such as well-drained 
rock outcrops (Martin and Zee 1983; Martin et al 1982; Osmond et al 
1975) and the boles, limbs, and branches of trees (Griffiths and Smith 
1983; McWilliams 1970; Medina et al 1977; Winter et al 1983), has also 
been recognized. 
3 
Thus, although the typical CAM habitat is thought of as being 
bright, hot, and dry (desert), many CAM species are found in sites 
exposed to more benign temperatures and low light. Some climatological 
data from two such habitats in which CAM plants grow (both of the 
species found in these habitats will be examined in later chapters) are 
depicted in Figure 1.1 and emphasize the marked contrast in these 
parameters. One would expect that such environmental differences would 
have important consequences to the plants found in each habitat, 
particularly with regard to photosynthetic acclimation to the extremes 
in PFD. Nobel (1980, 1982b, and others, see below) has described the 
light environment for photosynthetic tissues of many desert CAM species, 
and suggests that co2 uptake in these species may actually be limited by 
incident PFD even in this high light habitat (Nobel 1982a,b). The low 
light environment of several CAM bromeliads has also been characterized 
recently (Griffiths et al 1986; Lilttge et al 1986b; Smith et al 1986). 
Despite the increased recognition of the importance of CAM in arid 
microhabitats which may not be subject to high PFD, there have been very 
few studies which have actually considered the effects of shade on 
plants possessing CAM (Martin et al 1985, 1986; Winter et al 1986). 
Redressing this important gap in our understanding of CAM is a maJor 
focus of this thesis. 
From the above summary of CAM it should be clear that the influence 
of light on photosynthesis of CAM plants can be expressed in many phases 
of the diel cycle of co2 exchange. Unlike c3 plants, in which a change 
in PFD can result in an almost instantaneous change in photosynthetic 
co2 exchange, studies of CAM plants have often concentrated on 
measurements of nocturnal co2 uptake and/or acid accumulation following 
a day's exposure to a given PFD. There have been attempts to generate 
light response curves of co2 exchange in CAM plants in the afternoon 
when stomata open and co2 is fixed directly by RuBP carboxylase, however 
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Figure 1.1. Diurnal course of PFD ( 400-700nm), air temperature, and vapor pressure 
deficit of the atmosphere in two extreme habitats for CAM plants. Opuntia basilaris, 
growing in the Mojave Desert of northern Death Valley, California, USA, exhibited 
nocturnal acid accumulation of 34 µEq g- 1 fresh weight when these parameters were 
measured in high summer, 19 June 1985 (open circles, from Chapter 6). Dendrobium 
speciosum, an epiphytic orchid in a subtropical rainforest remnant on the New England 
Plateau, northeastern New South Wales, Australia, exhibited nocturnal acid 
accumulation of 27 µEq g- 1 fresh weight when these parameters were measured in late 
summer, 24 April 1980 (closed circles, from Wallace 1982). 
these are subject to complications at low PFD as will be explained in 
Chapter 2. 
4 
The effects of light on CAM activity in terrestrial high light 
environments has been extensively studied by Nobel and his coworkers 
(Acevedo et al 1983; Nobel 1977, 1980, 1982a,b, 1984a,b, 1985, 1986; 
Nobel and Hartsock 1978, 1983, 1986; Nobel and Meyer 1985; Nobel and 
Quero 1986; Woodhouse et al 1980). However, the main emphasis in these 
studies, as in a number of others (Barrow and Cockburn 1982; Kaplan et 
al 1976; Kluge et al 1973; Nose et al 1977; Ong et al 1986; Osmond et al 
1979a; Sale and Neales 1980; Zabka and Edelman 1962) has been the 
effects of short-term changes in PFD on co2 uptake and acid accumulation 
in the dark and/or rates of acid decarboxylation in the light, with 
little or no consideration of the effects of PFD during growth. 
Nocturnal co2 uptake and acid accumulation increase in response to 
increases in daytime PFD, with most species examined exhibiting 
saturation in the range of about 24 mol quanta m-2 d-l (Nobel 1982b, 
1984b; but see Martin et al 1986). This is presumably due to increased 
production of carbohydrates under increased PFD, these carbohydrates 
being available for conversion to PEP to serve as the substrate for the 
nocturnal fixation of co2 by PEP carboxylase (Kenyon et al 1985). 
The process of malic acid decarboxylation during illumination also 
exhibits a dependence on PFD with the rate of deacidification saturating 
at approximately 500 µrnol quanta m-2 s-l in Kalanchoe (Barrow and 
Cockburn 1982), although it did not reach saturation at full sunlight in 
Opuntia (Osmond et al 1979a). The saturation may be due to inhibition 
of decarboxylation of malic acid by high partial pressures of co2 which 
might be developed under high light conditions (Fischer and Kluge 1985). 
Whether this process actually reaches light saturation under field 
situations is unknown. The practical importqnce of the PFD dependent 
rate of malic acid decarboxylation probably lies in a more rapid 
depletion of the malic acid pool on sunny days which may then lead to an 
earlier opening of stomata in the afternoon when water is available, 
thus allowing direct fixation of atmospheric co2 through the PCR cycle 
for a greater proportion of the light period than might occur on cloudy 
days. A sunny day, therefore, has the potential of increasing both 
diurnal and nocturnal co2 uptake in CAM plants. 
The other feature of light effects on CAM that should be mentioned 
is its duration (photoperiod}. Kalanchoe blossfeldlana Poelln., var. 
Tom _ : urnb utilizes c3 photosynthesis if grown under long days, wh i l e if 
grow under or transferred to short days it utilizes CAM (Gregory et al 
1954) Not surprisingly, the induction of CAM in this species seems to 
be a phytochrome-mediated response (Brulfert et al 1985). However, it 
shoul be stressed that this response is not widely established and, 
although the expression of CAM may be favored more by short days 
(greater noctural co2 uptake in Ananas comosus) (Nose et al 1986) or 
long days (greater nocturnal co2 uptake and acid accumulation in 
Portulacaria afra) (Guralnick et al 1984), it appears that most CAM 
species respond to an increase in daylength in a manner similar to 
increased PFD, i.e. via a greater diel uptake of co2 (Marcelle 1975). 
However, daylength need not concern us unduly in our consideration of 
the influence of light on photosynthesis in CAM plants and acclimation 
to PFD. 
Acc1imation of c3 P1ants to Different PFD 
5 
As there have been virtually no studies on the ability of CAM plants 
to acclimate to different levels of PFD (Winter 1985), a brief summary 
of the responses of c3 plants to growth under different PFD, especially 
with regard to photosynthetic acclimation, is in order (see reviews by 
Anderson 1986; Anderson and Osmond 1988; Bjorkman 1981). 
Although the main concern in this thesis is with changes in factors 
directly associated with photosynthesis, other important parameters also 
respond to changes in PFD during growth. In some species growth under 
low PFD increases the proportion of dry matter incorporated into leaves 
relative to that allocated to roots (Loach 1970; Myerscough and 
Whitehead 1966; Whitehead 1973). Reductions in specific leaf weight 
(less dry matter per unit area devoted to light capture for 
photosynthesis, ie. thinner leaves) is also common in shade leaves vs. 
sun leaves (Bjorkman et al 1972; Jurik et al 1979). It is also wel l 
known that the rates of respiration, and therefore respiratory co2 
losses in the dark, are much lower in shade grown plants. The abo ve 
changes all improve the overall energy balance of the plants in the 
shade where the input of light energy is likely t o be l imiting. 
Growth under different PFD can effect a suite of changes i n both the 
composition and structure of thylakoid membranes and in the levels of 
enzymes and oiochemical intermediates responsible f o r the reduction of 
CO2 in photosynthesis. These changes are genera l l y such t hat , where 
light is limiting (shade), light capture is maximized, and where light 
is not limiting (sun), co2 capture is maximized. These differences in 
thylakoid composition can have a large impact on the ultrastructure of 
the chloroplast. As an example, plants grown under low PFD tend to be 
enriched in the light harvesting chloroplyll complex associated with 
PSII (LHCII) (Anderson 1980; Chu and Anderson 1984), and it is thought 
that LHCII is responsible for the stacking of thylakoid membranes 
(Anderson 1984; Day et al 1984; Ryrie et al 1980; Staehelin and Arntzen 
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1983). Thus, the extent of granal stacking is much greater in 
chloroplasts of shade-grown plants (Anderson et al 1973; Boardman et al 
1974; Lichtenthaler et al 1984; Melis and Harvey 1981). The enrichment 
of LHCII in plants grown under low PFD also accounts for the lower Chl 
a/Chl b ratios observed in shade plants relative to sun plants (Boardman 
1977; Bjorkman 1981; Melis and Harvey 1981), as Chl bis specifically 
associated with the light harvesting chlorophyll protein complexes. As 
PFD during growth is increased, rates of electron transport through both 
PSII and PSI increase (Boardman et al 1974; Leong and Anderson 1983 
1984; Melis and Harvey 1981; Wild et al 1975). There is also an 
increase in the levels of enzymes involved in the fixation and reduction 
of co2 , particularly the primary carboxylating enzyme RuBP carboxylase 
(see Bjorkman 1981). 
All of the aforementioned differences between plants grown under low 
and high PFD, as well as others, result in very different light reponse 
curves of co2 exchange for sun and shade individuals (again, see 
Bjorkman 1981). As mentioned previously, shade plants have lower rates 
of dark respiration, and therefore the level of light required to 
balance respiratory co2 evolution by photosynthetic co2 uptake (the 
light compensation point) is lower in shade-acclimated plants. The 
ratio of the rate at which co2 is fixed to th~ rate at which quanta of 
light are absorbed for this process under light-limiting conditions (= 
the quantum yield over the linear portion of the light response curve of 
photosynthesis, 0) is the same regardless of PFD during growth (except 
when growth has occurred under a PFD in excess of that to which the 
plant is capable of acclimating; see next section). The rate of net 
photosynthesis at low PFD is generally higher in leaves grown under l ow 
PFD because of the higher light compensation point of sun leaves. 
However the level of PFD required to saturate photosynthesi s is muc h 
lower in shade-acclimated leaves, except when growth under h igh PFD 
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exceeds the limits of acclimation to high PFD (Langenheim et al 1984; 
see next section). In plants capable of acclimation to high PFD, growth 
at high PFD results in higher photosynthesis at high PFD. As noted in 
the previous section, these responses to PFD during growth have not been 
evaluated in CAM plants, possibly due to their complicated diurnal CO2 
exchange characteristics. However, recently developed techniques of 
measuring o2 exchange from intact photosynthetic tissues now allow such 
a characterization in CAM plants grown under different levels of PFD, as 
outlined in later chapters. 
Photoinhibition - Beyond Acclimation? 
When leaves of plants which have grown under and acclimated to low 
PFD are exposed to high PFD (in excess to that experienced during 
growth) substantial reductions in both the light-saturated and light-
limited (quantum yields) rates of photosynthesis occur (Bjorkman and 
Holmgren 1963; Powles and Critchley 1980; Powles and Thorne 1981). 
These light dependent reductions in photosynthesis have been termed 
photoinhibition (Kok 1956; see Powles 1984 for a recent review). These 
reductions are also accompanied by reductions in rates of electron 
transport, particularly through PSII, and changes in fluorescence 
characteristics from the two photosystems (Critchley 1981; Powles and 
Bjorkman 1982). Transfer of shade plants to high light leads to 
photoinhibition because the rate at which light energy is being trapped 
by the thylakoid membranes exceeds that at which it can be utilized and 
dissipated through normal photosynthetic metabolism (due to high 
efficiency capture of quanta, relatively slow rates of electron 
transport, and low capacities for co2 reduction}. 
It was originally thought that the reductions in photosynthesis due 
to photoinhibition resulted from direct dama9e to the photosynthetic 
apparatus, primarily at or near the PSII reaction center (Kok 1956; 
Critchley 1981). This interpretation was supported by early analyses of 
changes in fluorescence from PSII and PSI measured in vivo at 77K 
following photoinhibition which indicated an inactivation of the PSII 
reaction center complex as being the primary effect of photoinhibition 
(Powles and Bjorkman 1982). However, more recent interpretations of 
light dependent changes in fluorescence from leaves, which have been 
proposed during the course of this thesis, suggest that two types of 
processes are involved during photoinhibition (Bjorkman 1987, 1988; 
Dernmi.g and Bjorkman 1987; Derrunig e t al 198 7b) . These will be discussed 
in detail later, but should be introduced at th i s p o int. The f i rst 
process seems to reflect impaired primary photochemistry at PSII when 
exces s excitation energy reaches the reaction center. The second 
process seems to reflect an increase in the rate at which energy is 
dissipated before it reaches the reaction center, thus providing a 
mechanism for disposing of light energy in excess of that which can be 
used in photosynthesis. Although this increase in nonradiative 
dissipation of energy therefore presumably protects the PSII reaction 
center from direct damage, it nevertheless results in a decrease in the 
efficiency of light utilization in photosynthesis. Whether this latter 
process should therefore be referred to as photoinhibition (emphasizing 
the effects on photosynthetic efficiency, Bjorkman 1988; Derrunig and 
Bjorkman 1987) or photoprotection (emphasizing the protective nature of 
the process, Osmond et al 1988) is currently subject to debate. 
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Depressions of both quantum yield and photosynthetic capacity have 
been observed in some plants grown under high PFD compared with growth 
under low PFD (Bjorkman and Holmgren 1963; Gauhl 1976; Hariri and Prioul 
1978; Jurik et al 1979; Langenheim et al 1984; Pearcy and Franceschi 
1986; Syvertsen 1984). Although these studies indicate photoinhibition 
and/or an inability to acclimate to the imposed high irradiance 
conditions, there is little evidence for photoinhibition of plants 
growing in their natural habitat (Pearcy 1987), suggesting that 
photoinhibition and lack of acclimation may exclude many plants from 
high light environments. However, it has also been found that other 
environmental stresses may exacerbate the effects of high PFD on 
photosynthesis (Bjorkman 1987; Osmond et al 1988), including water 
stress (Bjorkman and Powles 1984), low temperatures (Greer et al 1986; 
Ogren and Oquist 1984a,b; Ogren et al 1984; ~owles et al 1983; Strand 
and Oquist 198Sa,b), high temperatures (Ludlow and Bjo r kman 1984), and 
nutrient stress (Ferrar and Osmond 1986). Given the rather extreme 
nature of many CAM habitats, one might anticipate that CAM plant s could 
be subjected to conditions which might result in pho to i nhibition in 
their natural environment. 
Photoinhibition also occurs when leaves o f c 3 pla n ts acclimated to 
high PFD are illuminated in the absence of CO2 and a t low pa rtial 
pressures of o2 (Powles and Osmond 1978; Powles et al 19 7 9) . 
Photoinhibition in these circ umsta n c es presumably arises because 
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trans fer of excitation to reaction cente r s excee ds t he c apacity for 
utili zation in the absence of the terminal a c ceptor, co2 . Powles and 
Osmond (1978) demonstrated that photorespiration could provide 
sufficient carbon cycling and production of co2 as a substrate for the 
PCR cycle to prevent photoinhibition during illumination of sun leaves 
as proposed earlier (Cornie 1976; Osmond and Bjorkman 1972). Clearly, 
in normal air, internal co2 cycling through photorespiration in c3 
plants could protect against co2 deprivation in the event of stomatal 
closure. Speculation as to the likely siginificance of this process 
following stomatal closure in response to water stress (Osmond et al 
1980) remain tenable, but it seems unlikely that stomata close 
sufficiently tightly to force dependence on photorespiration, at least 
in mesophytic c3 plants (Sharp and Boyer 1986). On the other hand it is 
well established that stomatal closure in CAM plants totally prevents 
CO2 exchange during much of the ~ight phase. Thus, it has been proposed 
that internal co2 generation, from deacidification of malate and 
possibly also photorespiration, serve an important function in the 
prevention of photoinhibition in CAM plants (Osmond 1982; Osmond et al 
1980). 
Objectives 
The ability of c3 plants to acclimate to a wide range of light 
environments has been recognized for some time (for reviews, see 
Anderson 1986; Anderson and Osmond 1988; Bjorkman 1981; Boardman 1977). 
Although the studies are fewer in number, it seems clear that c 4 plants 
are also capable of such acclimation to both high and low PFD (Ludlow 
and Wilson 1971; Pearcy and Franceschi 1986; Usuda et al 1985; Ward a nd 
Woodhouse 1986a,b). However there are no c omparable studies of t he 
acclimation potential of CAM pla n t s t o varioQs l ight i ntensit ies. 
Therefore one of the main objectives of this thes is i s t o examine the 
ability of CAM plants to acclimate to different levels of PFD , b oth 
t hrough studies of plants grown under controlled reg i mens of PFD and 
field studies of various spec i es growing under cont r asting light 
enviro nment s , fr om t errestrial spe cies found in high light habitats to 
rain f orest e piphytes growing in deep shade. 
Another major topic t o be addressed in this thesis is the occurence 
of pho toinhibition of CAM p lants under conditions of high light , both in 
the l ong term and in the short term. This has been approached frcrr, 
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several directions, with the long term studies including 
characterization of photoinhibition of plants growing under high PFD in 
controlled glasshouse conditions and in the field, and the short-term 
studies examining the susceptibility of shade-acclimated CAM tissues to 
photoinhibition by high light both in the laboratory and in the field. 
Short-term experiments focussing on the role of the internal cycling and 
regeneration of co2 in CAM tissues, in the absence of atmospheric co2 , 
in preventing photoinhibition were also undertaken. 
The thesis is organized into three major parts, with the first part 
(Chapters 2 and 3) devoted to the main techniques used in characterizing 
the plants and assessing their degree of photoinhibition (photosynthetic 
o2 exchange from intact tissues and fluorescence from PSII). Additional 
methods are described throughout the thesis at the first instance where 
a particular method was used. Part II (Chapters 4, done in Reno, and 5, 
done in Australia) concentrates on the laboratory experiments beyond 
those described in Chapters 2 and 3, and is primarily concerned with 
responses of CAM plants to growth under different PFD, their 
susceptibility to photoinhibition by high light, and the potential 
importance of CAM physiology to maintaining the integrity of their 
photosynthetic tissues in high light in the absence of atmospheric co2 . 
The third part (Chapters 6, 7, and 8) comprises the various field 
studies conducted during the course of this thesis. Chapter 6 centers 
on two terrestrial succulents found primarily in high light habitats 
(two Opuntia species), Chapter 7 on a CAM vine, Hoya australis, growing 
in both high light and deep shade (as well as several c3 vines), and 
Chapter 8 on a couple of CAM epiphytes, each of which also grows in 
contrasting light environments. The final chapter is then devoted to 
integrating, reconciling, and summarizing the results from the various 
studies. 
PART I- METHODS TO ASSESS PHOTOSYNTHETIC COMPETENCE 
Chapter 2 - PHOTOSYNTHETIC o2 EXCHANGE 
Direct Measurement of Quantum Yields in CAM Plants 
Chapter 3 - FLUORESCENCE FROM PHOTOSYSTEM II 
An Indicator of the Photochemical Efficiency of PSII 
Chapter 2 - PHOTOSYNTHETIC o2 EXCHANGE 
Direct Measurement of Quantum Yields in CAM Plants 
Introduction 
As mentioned in the previous chapter, light response curves for CAM 
plants based on integrated measurements of diel co2 exchange or 
nocturnal acid accumulation have been generated, and these have been 
used to estimate overall quantum yield (Nobel and Hartsock 1983). 
Because of the complexity of CAM biochemistry, however, these curves do 
not yield the same kind of information as a photosynthetic light 
response curve of co2 exchange for a c3 or c4 plant. Attempts to 
generate such curves directly from co2 exchange during the afternoon, 
when some CAM plants open their stomata and take up co2 directly through 
the PCR cycle, have been made (Ltittge et al 1986a; Osmond et al 1979a; 
Spalding et al 1980; Winter 1980). However, the results are somewhat 
dubious due to accelerated rates pf co2 uptake via PEP carboxylase under 
light-limiting conditions. 
Recently, however, a leaf disc o2 electrode was developed which 
allows the direct measurement of o2 exchange from intact tissues (Delieu 
and Walker 1981). This is ideally suited for direct measurements of 
quantum yield from CAM tissues, as it relies only on the measurement of 
light dependent o2 evolution associated with the functioning of the PCR 
cycle. Thus measurements of photosynthesis can be made during malic 
acid decarboxylation, when co2 exchange is normally undetectable, and at 
low light levels regardless of whether co2 is being fixed by RuBP 
carboxylase, PEP carboxylase, or both. The high CO2 concentrations 
employed in this system are such that stomatal limitations to co2 
exchange are overcome, and the complications due to photorespiration at 
low co2 ;o2 concentration ratios, can be ignored. The leaf disc oxygen 
electrode should therefore allow accurate estimates of quantum yield in 
CAM plants, an essential prerequisite for any evaluation of acclimation 
and photoinhibition of photosynthetic CAM tissues. 
One might expect the quantum yield of photosynthesis in CAM plants 
to change during the course of the day due to altered energy 
requirements for carbon metabolism between the morning and afternoon 
(Edwards et al 1982; Osmond and Holtum 1981). For example, the quantum 
yield might be lower in the morning due to the additional ATP consumed 
in the regeneration o f starch following the decarboxylation of malate, 
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whereas in the afternoon photosynthesis should simply proceed with 
atmospheric co2 fixed via RuBP carboxylase (assuming open stomata), thus 
yielding quantum yields comparable to those found in c 3 plants. 
Additionally, there are actually two types of CAM plants which differ in 
their decarboxylation biochemistry (Fig. 2.1) (Edwards et al 1982; 
Osmond and Holtum 1981). In the malic enzyme (ME) decarboxylation 
subgroup, two ATP are required in the conversion of pyruvate to PEP, 
whereas only one ATP is required in the conversion of oxaloacetate to 
PEP in plants employing the PEP carboxykinase (PEPCK) decarboxylation 
pathway. Thus one would also anticipate lower quantum yields in plants 
of the ME type relative to the PEPCK type during malic acid 
decarboxylation. 
Given these anticipated differences in quantum yield, light response 
curves of o 2 exchange for several ME and PEPCK species were generated at 
different times of the day and their quantum yields determined. The 
results of this study are reported here. 
Materials and Methods 
Plants were grown from cuttings or plantlets in sandy loam potting 
mix in temperature controlled glasshouses (27°c day/18°c night) which 
transmitted 85% of incident solar radiation (Reno, Nevada, USA). They 
were irrigated daily with water and three times weekly with half-
strength Hoaglands nutrient solution. Shade plants of Kalanchoe 
daigremontiana and Hoya carnosa were grown in the same glassshouse under 
black shade cloth which transmitted 15% of the radiation incident in the 
glasshouse. Nocturnal acid accumulation was determined from leaf discs 
collected at dusk and dawn which were weighed, cut into small pieces, 
and extracted in boiling water for 20 minutes. The total acidity for 
each sample was then measured by titration 9f the extracts to pH 7.0 
with 0.02 N NaOH. 
Photosynthetic o 2 exchange and dark respiration were measured using 
a Hansatech leaf disc electrode system similar to that described by 
Delieu and Walker (1983). A disc of leaf tissue (10 cm2 ) was placed in 
the electrode chamber and the volume of the chamber calibrated as 
described by Delieu and Walker (1981). The chamber was filled with 5-6 % 
co2 saturated with water vapor by breathing gently through the chamber 
until the electrode output indicated a decline from 21 % o 2 to 15-16 % o 2 . 
I t s h ould be noted that, when quantum yields are measured dur i ng t h e 
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Figure 2.1. Schematic diagram of the light and dark fixation processes in CAM plants 
of the malic acid decarboxylation subtype (left half) and PEP carboxykinase 
decarboxylation subtype (right half). Note that both types share common dark 
processes (dashed lines), while the energy requirements of the malic acid type are 
greater than those of the PEPCK type in the light (solid lines). Both types have 
higher energy requirements for CO2 fixation in the light than do c3 plants 
(represented by the PCR cycle). Adapted from Edwards and Walker 1983. 
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deacidification phase of the CAM cycle, it is not necessary to charge 
the chamber with co2 . As has been demonstrated previously, internal co2 
concentrations of 1-4% are generated and sustained in CAM tissues during 
deacidification (Cockburn et al 1979). Following charging of the 
chamber with co2 , a period of time was allowed for thermal equilibration 
before measurements of o2 exchange were made (usually 2-3 minutes). 
Leaf discs were illuminated with a quartz iodide light source which 
delivered uniform light (±5%) over the leaf disc in the chamber 
illuminating 8.86 cm2 of the disc. Rates of o2 exchange were calculated 
on the basis of the illuminated area of the disc. No corrections for 
respiratory activity were applied. The photon flux density was 
reproducibly controlled by the use of neutral density filters (Mellis 
Griot, Vista, California) which were exchanged in the slots provided in 
the light source housing. 
The leaf discs were first illuminated with white light (max 800 µrnol 
quanta m-2 s-1 ) for 2 periods of 5-10 minutes until steady state 
photosynthetic o2 exchange was achieved. However, this appeared to 
result in reduced quantum yields in shade-grown plants (see Table 4.1). 
Therefore a lower PFD was used in this initial illumination period for 
shade-grown leaves, except in Chapter 4. The chamber was then recharged 
with co2 if necessary, and dark respiration allowed to attain steady 
rates. Appropriate filter combinations were then inserted and the rate 
of o2 exchange allowed to attain new steady rates at each light 
intensity. Light intensity incident on the leaf disc was measured with 
an integrating quantum meter (Licor LI-188B with LI 190SB sensor) which 
measured photosynthetically active radiation, 400-700nm. Absorptances 
were determined on discs from comparable leaves from the same plant 
which were placed wholly within an integrating sphere and illuminated 
with a narrow beam of light from a quartz ioqide source. The 
absorptance spectrum was measured at 25nm intervals between 400 and 
700nm and the overall absorptance computed (Bjorkman and Demmig 1987) 
Leaf absorptances in Australia (Chapters 5, 7, and 8, and Opuntia 
stricta in Chapter 6) were determined from reflectance and transmittance 
values obtained with a small integrating sphere calibrated with 
standardized cards of known reflectance (90%, 17.8%, and 4.3%). The 
quantum yields (0) were calculated from a linear regression of the rates 
of o2 exchange versus quanta absorbed over the linear portion of the 
light response curve. 
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Temperature control was provided by water circulated through the 
upper and lower portions of the anodized aluminum electrode chamber. 
Although this water was maintained at 25°c, the leaves were subject to 
heating upon illumination due to the lack of air circulation within the 
chamber. However, the maximum error in the calculation of the rate of 
o2 exchange due to this slight heating was determined to be 
approximately 0.5% in the region of the quantum yield measurements, and 
no more than 1.3% at the highest light intensities employed in the 
generation of later light response curves (approximately 1300 µmol 
-2 -1 incident quanta m s ) . 
All light response curves were generated on plants which had been in 
the light for at least one and a half hours. It was found that plants 
removed directly from the dark required illumination for thirty minutes 
or more before steady-state rates of o2 exchange were obtained. A 
possible reason for this will be discussed in Chapter 3. 
Results and Discussion 
Light response curves for photosynthetic o2 exchange at co2 
saturation in the CAM species K. daigremontiana are shown in Figure 2.2. 
In this, as well as the other species examined, the quantum yield 
remained constant, and high, throughout the day. Closer inspection of 
the quantum yield region for a shade-grown leaf (85% shade) and sun-
grown leaf (0% shade) of K. daigremontiana reveals a pronounced Kok 
effect (Kok 1948) near the light compensation point (Fig. 2.3). This 
effect, characterized by a rather abrupt change in the slope of the 
light response curve, is apparently due to a partial inhibition of dark 
respiration above a certain light level (near the light compensation 
point in this instance) (Sharp et al 1984). Because of this phenomenon 
(which was not always observed), the quantum ~ields reported in this 
thesis were generally calculated from points at and above the light 
compensation point. 
The quantum yields for the various species tested in this small 
survey are given in Table 2.1. Not only are the quantum yields 
remarkably high, they are also no lower in the ME CAM plants than in the 
PEPCK CAM plants, as had been anticipated. These results have been 
sustained by quantum yield measurements of o2 exchange in several other 
CAM species (Adams et al 1986; Bjorkman and Demmig 1987; Winter et al 
1986). The quantum yields for photosynthetic o2 exchange in CAM plants 
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Table 2.1. Quantum yields of photosynthetic o2 exchange in leaf discs 
of CAM plants. Pathway of deacidification: ME= rnalic enzyme; PEPCK = 
PEP carboxykinase. Mean± SD (n). 
Species 
Kalanchoe daigremontiana 
0% shade 
85% shade 
Kalanchoe marmorata (ME) 
Senecio amaniensis (ME) 
Hoya carnosa (PEPCK) 
0% shade 
85% shade 
Ananas comosus (PEPCK) 
(ME) 
Nocturnal acid 
accumulation 
(µEq g -l FW) 
305 
158 
206 
178 
115 
76 
235 
Quantum yield 
-1 (rnol o2 rnol quanta) 
0.100 ± 0.001 ( 3) 
0.106 ± 0.007 (2) 
0.086 ± 0.006 (2) 
0.115 ± 0.013 (3) 
0.086 ± 0.001 (3) 
0.099 (1) 
0.090 ± 0.011 (2) 
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determined here are higher than those estimated from rates of 
deacidification or measured by co2 uptake. Spalding et al (1980) 
-1 
estimated a quantum yield of 0.063 mol malate mol quanta during 
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deacidification in Sedum praealtum. The data of Barrow and Cockburn 
(1982) for light dependence of deacidification can be converted, on the 
basis of my fresh weight to leaf area ratio for K. daigremontlana, to 
-1 yield a value of 0.086 mol malate mol quanta (in 654 and 617nm light). 
After deacidification, Spalding et al (1980) estimated quantum yields in 
-1 Sedum of 0.053 mol co2 mol quanta in low o2 (no photorespiration) and 
-1 0.024 mol co2 mol quanta in air. Using data of Barrow and Cockburn 
(1982) for photosynthetic o2 evolution by deacidifying tissue slices in 
-1 
solution at co2 saturation, quantum yields of 0.023 mol o2 mol quanta 
(in 654 and 617nm light) for Kalanchoe can be estimated. 
Recent measurements of the quantum yields of c3 photosynthesis in 
the absence of photorespiration range from 0.081 (Ehleringer and Pearcy 
1983) to 0.087 (Sharp et al 1984) when measured by co2 exchange in white 
light. However, a recent survey of 37 c3 species found the quantum 
yield of photosynthetic o2 evolution, using the same technique utilized 
-1 in this chapter, to be 0.106 ± 0.001 mol o2 mol quanta absorbed 
(Bjorkman and Dernmig 1987), comparable to those obtained for the CAM 
plants examined here. Thus it appears that CAM plants of either 
biochemical subtype have the same quantum yield of photosynthesis as c3 
plants when determined from o2 exchange, regardless of whether 
decarboxylation of malic acid is proceeding or has been completed. 
It is not difficult to rationalize the observation that, after 
deacidification, the quantum yield of co2 saturated photosynthesis in 
CAM plants should be the same as that of c3 plants. It is widely held 
that CAM plants, especially leaf succulents, carry out normal c3 
photosynthesis after deacidification (Edwards _et al 1982; Osmond and 
Bjorkman 1975). It is more difficult to explain the similarly high 
quantum yield of photosynthetic o2 exchange during deacidification. 
The precise fate of malate during deacidification, in terms of 
cytoplasmic decarboxylation and mitochondrial oxidation, is not known. 
However, in PEP carboxykinase type CAM plants at least, it is reasonable 
to consider that deacidificat ion proceeds via chloroplastic co2 fixation 
(at co2 saturation) and cytoplasmic gluconeogenesis (Fig. 2.1). The 
energy requirements of the former are those of c 3 photosynthesis, and 
those of the latter could be met by regulated metabolism in the 
cytoplasm and mitochondria (Edwards et al 1982; Osmond and Holtum 1981). 
16 
In malic enzyme type CAM plants the apparently obligatory recovery 
of P£P from pyruvate via pyruvate, Pi dikinase in the chloroplast during 
gluconeogenesis (Holtum and Osmond 1981), which requires two ATP (Fig. 
2.1)* must be considered. It is clear that pyruvate competes for 
photosynthetically derived ATP in Mesembryanthemum crystallinum 
chloroplasts isolated from tissues in the CAM mode, but not in the c3 
mode (Demmig and Winter 1983). Moreover, chloroplasts isolated from 
another malic enzyme type CAM plant, S. praealtum, like those of pea, 
are also quite permeable to adenylates (Piazza and Gibbs 1983). In this 
category of CAM plants, therefore, it is possible that the additional 
ATP requirements for chloroplastic conversion of pyruvate to PEP are met 
by ATP generated from mitochondrial oxidation of a small portion of the 
malate pool (Edwards et al 1982). Indeed, recent experiments indicate 
that there is an increase in the capacity for substrate oxidation of 
isolated mitochondria from K. blossfeldiana following the induction of 
CAM in this species (Rustin and Queiroz-Caret 1985). 
These considerations suggest that the o2 exchange of photosynthesis 
in CAM plants during deacidification is identical to that of co2 
saturated c3 photosynthesis. The quantum yield measurements reported 
here, and previously estimated quantum yields for malate consumption, 
support this interpretation. This does not mean, however, that the 
energetic costs of fixing co2 via CAM are the same as those of c3 
photosynthesis. The additional costs of converting pyruvate or 
oxaloacetate to starch (Fig. 2.1) are very real, regardless of whether 
those ATP are provided by mitochondrial respiration. In determining the 
total cost of co2 fixation in CAM plants it might therefore be prudent 
to consider the quantum requirement for nocturnal co2 fixation, as Nobel 
has done for several species (Nobel 1977, 1980, 1981; Nobel and Hartsock 
1978, 1983). Using such analyses, he has foupd the quantum yield for 
nocturnal co2 fixation to range from 0.015 to 0.045 mol co2 fixed at 
night per mol quanta absorbed in the light-limited region for nocturnal 
co2 uptake. Above this light-limited region the efficiency would 
decrease, and such an analysis does not, of course, include any 
atmospheric CO2 that might be fixed directly through the PCR cycle in 
the late afternoon. 
The measurement of the light response curves of photosynthetic o2 
exchange reported here demonstrate the feasibility of this technique for 
evaluating the photosynthetic responses, and acclimation, of CAM tissues 
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to PF. Accurate determinations of dark respiration, the light 
compensation point, the quantum yield of photosynthesis, the level of 
light required for light and CO2 saturated photosynthesis, and the light 
and co2 saturated rate of photosynthetic o2 exchange can be made with 
this system (Fig. 2.2). The fact that the quantum yields determined 
here are comparable to those of c3 plants (Bjorkman and Demmig 1987) 
also suggest that stomatal limitations are no barrier to the measurement 
of o2 exchange in these CAM plants using this technique (presumably due 
to exchange around the cut edges of the tissue). The somewhat lower 
quantum yields reported for Kalanchoe marmorata and Hoya carnosa under 
full glasshouse light (Table 2.1) are now, in retrospect, presumed to be 
due to photoinhibition. This possibility will be pursued further for H. 
carnosa in Chapter 4. 
... 
Chapter 3 - FLUORESCENCE FROM PHOTOSYSTEM II 
An Indicator of the Photochemical Efficiency of PSII 
Introduction 
There have been fairly rapid technological advances in recent years 
which have allowed more detailed and reliable analysis of fluorescence 
signals from intact leaf tissues (Ogren and Baker 1985; Powles and 
Bjorkman 1982; Schreiber 1983; Schreiber et al 1986). These advances 
have resulted in a greater appreciation of the value of these techniques 
for evaluating the photosynthetic competence of leaves, and have 
permitted a more widespread use of such techniques. They have proven to 
be particularly valuable in assessing photoinhibition of intact leaves 
(Bjorkman 1987, 1988; Bjorkman and Powles 1984; Critchley and Smillie 
1981; Demmig and Bjorkman 1987; Greer et al 1986; Ludlow and Bjorkman 
1984; Ogren and Oquist 1984b; Powles and Bjorkman 1982; Schreiber and 
Bilger 1987), and several different techniques were utilized in this 
thesis. 
Chlorophyll fluorescence is normally measured either at room 
temperature or at 77K, however the information obtained from either 
method can be quite different. One technique for measuring the 
induction kinetics of room temperature chlorophyll a fluorescence was 
utilized in Chapter 4, and two different systems for measuring 
fluorescence from PSII at 77K were used in Chapters 4 through 8. Each 
of these techniques will be described in this chapter. 
Room Temperature Fluorescence 
When chlorophyll molecules absorb light at room temperature there 
are several ways in which the excited electrons can return to the ground 
state (Mathis and Paillotin 1981). Many molecules simply transfer the 
energy to neighboring molecules, some of it is lost as heat 
(nonradiative dissipation), and some of it reaches the reaction centers 
to drive the photochemistry responsible for the splitting of water, the 
transfer of protons across the thylakoid membranes, and the reduction of 
NADP to NADPH. In addition, a small proportion of the energy is re-
emitted as fluorescence, and it is this re-emitted light which can be 
detected and used as a probe of the photosynthetic apparatus. However, 
the level of light emitted as fluorescence is very low compared with 
that illuminating the leaf, and appropriate separation of the incident 
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light and the fluorescence emission is necessary in order to accurately 
detect the fluorescence signal. 
The. system used in this thesis was designed to be used in 
conjunction with the Hansatech leaf disc o2 electrode (Delieu and Walker 
1983). The illuminating light was provided by a set of light emitting 
diodes (red light, with a peak at 660nm) which, after passing through 
the water-jacketted perspex top of the electrode chamber, produced a PFD 
-2 -1 
of approximately 300 µmol quanta m s at the leaf surface. After 
passing through an interference filter (744nm), fluorescence was 
detected by a photodiode mounted in the side of the chamber at a 45° 
angle to the leaf surface. The signal from the detector was recorded on 
a chart recorder. 
Upon illumination of leaves (or chloroplast preparations) following 
a period of dark adaptation, fluorescence normally exhibits very 
characteristic phases during induction of photosynthesis (Krause and 
Weis 1984; Papageorgiou 1975; Schreiber 1983; Walker 1981). These can 
be seen in the fluorescence induction curves of a sun-grown (0% shade) 
Kalanchoe daigremontiana leaf (Fig. 3.lA,C) which had been in the dark 
for at least 10 min prior to illumination. In this case the fast 
kinetics (Fig. 3.1A) were captured by a chart recorder running at 120 cm 
min-land the slow kinetics (Fig. 3.lC) by a chart recorder at 2 cm 
. -1 
min Upon illumination, fluorescence rises initially to an O level 
(or F level), passes through an inflection (I level, not labeled) and a 
0 
dip (D, not labeled), before rapidly rising to a peak level (P) (Fig. 
3.lA). The O level is thought to represent fluorescence from excited 
chlorophyll a molecules prior to the migration of excitons to the 
reaction centers (Mathis and Paillotin 1981), and can only be obtained 
if QA (the first electron acceptor from the PSII reaction center) is 
fully oxidized (achieved during the dark adap~ation period prior to 
fluorescence induction). The rise in fluorescence to the P level 
represents the reduction of QA, probably due to a back transfer of 
excitons from the closed reaction center (Butler and Kitajima 1975) 
From the P level, fluorescence normally declines to a terminal 
steady state level T, often passing through one or more transitory peaks 
(M = maxima) (Fig. 3. lC) . The quenching of fluorescence following the 
initial peak is due to several processes including the reoxidation of QA 
as carbon metabolism begins and energy-dependent quenching associated 
with the buildup of a proton gradient across the thylakoid membrane. 
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Figure 3.1. Fast (A,B) and slow (C,D) induction kinetics of room temperature (25°C) 
chlorophyll a fluorescence for a sun-grown leaf (A,C) and shade-grown leaf (B,D) of 
K. daigremontiana. 
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Although phosphorylation of chloroplast membrane proteins was also 
hypothesized to quench fluorescence as well, recent evidence suggests 
that this is not the case (Demmig et al 1987a). 
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In comparing the fluorescence induction phenomena from a sun-grown 
leaf (Fig. 3.lA,C) and a shade-grown leaf (Fig. 3.1B,D) of K. 
daigremontiana, it can be seen that the O level was not detectable in 
the shade-grown leaf (Fig. 3.lB). This is probably due to limitations 
in the chart recorder (slow pen response and/or chart speed inadequate), 
as the rapid transients of room temperature fluorescence are much faster 
in shade leaves, and from the underside (shaded surface) of sun leaves 
(Schreiber et al 1977). In fact, the O level could not even be captured 
consistently from sun leaves with this system. Due to these 
limitations, only the slow kinetics of room temperature fluorescence 
induction were recorded in subsequent experiments. The other major 
difference to be noted is that the absolute levels of fluorescence (P 
and T) were greater for the shade leaf relative to the sun leaf (Fig. 
3.lC,D). This is consistent with other studies of fluorescence from sun 
and shade leaves (Lichtenthaler et al 1984; Schreiber et al 1977). 
When induction curves of fluorescence and photosynthetic o2 exchange 
were measured at different times during the day (again after a dark 
adaptation period of at least 10 min), some striking differences were 
noted (Fig. 3.2). Early in the morning (8:00 am, prior to direct 
illumination of the leaves) fluorescence from sun leaves of K. 
daigremontiana exhibited the P, S, M, to T transients, with the T level 
approached as photosynthetic o2 evolution reached a steady-state rate. 
At midday the fluorescence kinetics were much simpler, with a rapid 
decline from P to T. The absence of any secondary peaks and the more 
rapid decline to the T level are probably due to the energized status of 
the chloroplasts during direct illumination m~dday. At night (in this 
instance, 4 h after sunset), the absolute levels of P and T were 
elevated (previously noted by Everson et al 1983), and a tertiary peak 
in fluorescence occurred approximately six minutes into the induction. 
This tertiary peak in fluorescence was paralleled by a transition to o2 
uptake following a short period of o2 evolution. This phenomenon was 
observed consistently from a couple of hours after sunset until dawn, 
although the magnitude of the tertiary peak declined in the later hours 
of the night. When o2 exchange was monitored for a longer period of 
time, the rate of uptake declined gradually until approximately 30 min 
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Figure 3.2. Room temperature (25°C) chlorophyll a fluorescence induction kinetics 
and changes in net o2 exchange upon illumination of dark adapted (-10 min) sun-grown 
leaves of K. daigremontiana at different times during the day and night. 
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after the red illuminating light had been applied, o2 exchange became 
negligible, and then o2 evolution began, with the rate slowly increasing 
(not shown). Another interesting aspect of this phenomenon is that it 
disappeared in plants which had been exposed to interruptions of the 
dark period by one hour of low light (to prevent flowering of some 
neighboring Xanthium) for 2 nights, suggesting that this inhibition of 
photosynthesis in CAM plants removed from the dark is subject to 
regulation by phytochrome. 
One possible explanation for the apparent inhibition of 
photosynthesis in CAM leaves during the dark is that as thermal 
equilibrium was occurring after charging of the chamber with co2 prior 
to illumination, much of the co2 in the chamber was fixed into malic 
acid by PEP carboxylase, which is highly active in CAM tissues in the 
dark (Winter 1985). The tertiary fluorescence peak and the transition 
from o2 evolution to o2 uptake ap~roximately 6 min after the light was 
turned on might therefore represent a co2 limitation incurred following 
the fixation of the remaining co2 in the chamber. This is supported by 
the fact that an identical phenomenon could be obtained from a 
deacidified CAM leaf removed from high light and tested in the same 
manner, but at ambient co2 levels (the chamber was not charged with CO2 ; 
data not shown). Furthermore, the gradual transition from o2 uptake to 
o2 evolution over the first 30+ min after illumination of the leaf disc 
removed from the dark could represent the induction phase of malic acid 
decarboxylation, thus gradually supplying an increasing level of co2 for 
photosynthetic o2 evolution. 
A second possibility is an inhibition of RuBP carboxylase activity 
in the dark adapted leaves. Vu et al (1984) found that RuBP carboxylase 
from CAM bromeliads exhibited almost no activity when assayed from dark 
adapted leaves. This, again, could yield an tnhibition of 
photosynthetic o2 evolution in leaves illuminated in the middle of the 
dark period, and the gradual return to o2 evolution during the 30+ min 
of illumination could represent the period necessary for light 
activation of RuBP carboxylase. Both of the above hypotheses could 
account for the difficulties in obtaining accurate quantum yields in CAM 
tissues removed directly from the dark (mentioned in the previous 
chapter). Both also seem tenable at this point, although the role of 
phytochrome in either remains obscure. 
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The practical importance cf measuring room temperature chlorophyll a 
fluorescence comes from the fact that it emanates almost exclusively 
from molecules associates with PSII (Krause and Weis 1984; Leupold and 
Hoffmann 1986; Papageorgiou 1975; Schreiber 1983; Vredenberg and Slooten 
1967). As PSII is the primary site affected during photoinhibition, 
room temperature fluorescence from intact leaves can be a valuable 
indicator of the degree of photoinhibition (Critchley and Smillie 1981). 
However, its utility is greatly diminished if one cannot accurately 
measure the fast kinetics during fluorescence induction, specifically 
the degree of variable fluorescence (the difference between the P and 0 
levels). As this was not possible with the equipment used in the work 
reported here, changes in the level of P relative to T were used as an 
indicator of reductions in variable fluorescence. However, the level of 
P can vary greatly as well (Fig. 3.2), being dependent on the 
illumination (among other factors) which the leaf has been exposed to 
just prior to the measurement of fluorescence. Therefore, room 
temperature fluorescence was used in only one study (Chapter 4), as the 
technique described in the next section of this chapter (fluorescence 
from PSII at 77K) proved to be much more reliable, easier to interpret, 
and well-suited to field assessments of photoinhibition. 
Recent developments in room temperature fluorescence techniques 
(Schreiber et al 1986) do, however, appear to be capable of yielding 
information similar to that obtained using the 77K technique described 
in the next section, as well as valuable information about changes in 
various quenching mechanisms during photosynthetic induction and in 
response to altered environmental factors. One application of this new 
instrument will be described in Chapter 7. 
77K Fluorescence 
When intact, dark adapted leaf tissues are frozen to 77K, the 
kinetics of fluorescence induction upon illumination of the leaf surface 
are much simpler than those obtained at room temperature (Powles and 
Bjorkman 1982). Unlike the situation at room temperature, where 
photosynthesis is allowed to proceed yielding highly variable and 
complicated induction kinetics, when frozen to 77K all photosynthetic 
processes are halted except the primary photochemical events. Thus, 
with appropriate filter combinations, one can evaluate the photochemical 
efficiency of both PSII and PSI quite specifically. 
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~wo different systems were used to measure fluorescence from leaf or 
cladode discs frozen to 77K, both of which were similar in design to 
that described by Powles and Bjorkman (1982). Excitation light in the 
firs~ (used for measurements in Chapters 4 and 6), provided by a quartz 
iodide light source (Fiber Optic Illuminator, model 77501, Oriel 
-2 Corporation, Stamford, CT), was adjusted to deliver 0.7 µmol quanta m 
s-l blue light (470nm interference filter, Ditric Optics, Hudson, MA) to 
the sample surface. A shutter (model 846), controlled by a Digital 
Shutter Controller (model 845, Newport Research, Fountain Valley, CA), 
was set at 10 ms opening time. Fluorescence from the sample was 
measured by a photomultiplier (model R928, Hamamatsu, Middlesex, NJ) 
after passing through a 690nm interference filter (primarily PSII 
fluorescence). The photomultiplier output was recorded on a high speed 
strip chart recorder. Tissue plugs of 10 mm diameter were appressed 
directly against the terminal end of a quartz rod (100 mm long, 10 mm 
diameter) and held in place by a light-tight holder which could 
accomodate tissues of various thicknesses. Samples were dark 
equilibrated for 10 min to ensure oxidization of all reaction centers 
prior to freezing of the tissue. The sample, holder, and lower half of 
the quartz rod were then immersed in liquid nitrogen contained in a 
small Dewar. The sample was allowed to equilibrate at 77K for 6 min 
after which the shutter was opened. 
The second system was very similar to that described above, except 
-2 -1 that the excitation light (1.3 µmol quanta m s at the sample 
surface) passed through a broad band blue cut-off filter (Corning 4-96) 
and the fluorescence at 690nm was monitored with a photodiode (EG & G 
model HUV-4000B). Samples were placed in the dark for 7 min at ambient 
temperature prior to being frozen in liquid nitrogen for a minimum of 4 
min. This system suffered from the fact that -the signal from the 
photodiode was subject to a fairly high degree of drift with temperature 
changes (when turned on due to heating by the lamp, and with diurnal 
changes in temperature during fieldwork), and upon transition from light 
to dark or dark to light (when the shutter was opened or closed). As 
the zero drifted, so did the absolute fluorescence signal, and therefore 
the absolute signal had to be constantly referenced against the zero 
signal. This system was used for Chapters 5, 7, and 8, and for Opuntia 
stricta in Chapter 6. 
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The absolute yields of fluorescence were corrected for the response 
of each system to a non-fluorescent green standard. Although the 
absolute values of fluorescence are reported as relative units, the PFD 
of the excitation beam remained constant so that differences in 
fluorescence between samples can be taken to represent true differences 
in fluorescence yield for experiments in a given chapter (except between 
Opuntia basilaris, measured with the first system, and 0. stricta, 
measured with the second, in Chapter 6). 
Following illumination, fluorescence rapidly rises to an F level 
0 
(the initial, instantaneous fluorescence, comparable to the O level of 
room temperature fluorescence when all reaction centers are open, i.e. 
all QA molecules oxidized). As illumination continues, fluorescence 
continues to rise as the QA molecules become reduced until it reaches a 
steady-state level F (maximum fluorescence). During the induction of 
rn 
room temperature fluorescence this maximum level is approached during 
the transition from Oto P, however various quenching mechanisms 
associated with photosynthetic metabolism begin quenching fluorescence 
before it actually reaches the maximal level. This level can be 
obtained with room temperature fluorescence if electron transport is 
blocked at QB by DCMU, or with a transitory saturating pulse of bright 
light (see Chapter 7). 
The kinetics of 77K fluorescence from PSII for a partial shade-grown 
leaf of K. daigremontiana, before and after a photoinhibitory treatment, 
are illustrated in Figure 3.3. Following the high light treatment, both 
the maximal level of fluorescence, F, and the variable fluorescence, F 
rn V 
(= F - F ), were reduced. The level of F rose slightly, but this is 
m o o 
by no means a consistent response following exposure to high light. 
Several processes may act simultaneously to alter the level of F, and 
0 
this can result in F falling, rising, or remaJning relatively unchanged 
0 
during exposure to light. 
Kitajima and Butler (1975) developed a series of equations relating 
the above fluorescence parameters to the rate constants for the various 
processes whereby the excited chlorophyll may return to the ground 
state. These equations were elaborated more fully by Butler (1978), and 
their relationship to quantum yield and changes induced by 
photoinhibition was evaluated by Bjorkman (1988). Free use of these 
equations, and Bjork.man's analysis, will be made below. 
The yield of fluorescence, 0F, can be related to the aforementioned 
rate constants by the following equation 
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Figure 3.3. Low temperature (77K) induction kinetics of fluorescence from PSII 
(690nm) of a 50% shade-grown K. daigremontiana leaf, before and after a 4 h 
photoinhibitory treatment (at 1750 µmol quanta m-2 s- 1 in air, leaf temperature of 
27°C). F /Fm was 0.80 before the treatment, and 0.68 after the treatment. 
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F KF (A) KF (1-A) 
= - ------------------ + ------------
J KF +~+KT+ KP KF +~+KT 
where F = fluorescence; J - PFD absorbed by the photosynthetic pigments; 
A= t e fraction of reaction centers in the open state (QA oxidized); KF 
= rate constant for fluorescence;~= rate constant for nonradiative 
dissipation of energy; KT= rate constant for exciton transfer from PSII 
to PSI; and KP= rate constant for photochemistry, i.e. reduction of QA. 
Therefore at the F level of fluorescence, where all of the reaction 
0 
centers are open (A=l), and the potential for photochemistry is at its 
maximum, the second term in the above equation drops to O and we are 
left with 
2) = 
F 
0 
At the other extreme (F ), where the potential for photochemistry is nil 
m 
(i.e. all of the reaction centers are closed, A=O), the first term in 
equation 1 becomes O and we are left with 
3) = 
F 
m 
The photochemical efficiency of PSII can also be related to these rate 
constants, yielding 
4) 
By combining equations 2 and 3 it can also be shown that 
F F - F KP V m 0 
5) = ------- = -----------------
F F KF + ~ + KT + KP m m 
Therefore, the yield of fluorescence from PSII can be related directly 
to the yield of PSII photochemistry by 
F KP V 
0P 6) - ----------------- = 
F KF + ~ + KT + ~ m 
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When isolated chloroplasts were subjected to various degrees of 
quenching by dibromothymoquinone, a good relationship between F /F and V m 
the maximum yield of PSII photochemistry was observed (Kitajima and 
Butler 1975), and, more recently, excellent correlations between F /F 
V m 
and the quantum yield of photosynthetic o2 evolution were obtained from 
intact leaves subjected to various degrees of photoinhibition (Dernrnig 
and Bjorkman 1987). Moreover, in healthy, unstressed leaves Fv/Fm was 
extremely constant in a survey of 37 c3 species (with a mean of 0.83), 
as was the quantum yield of photosynthetic o2 evolution (as mentioned in 
the previous chapter) (Bjorkman and Demmig 1987). Thus determinations 
of F /F from PSII appear to be ideally suited for assessments of V m 
photoinhibition in intact photosynthetic organs. F /F is also V m 
preferable to measurements of absolute fluorescence because it is 
independent of the intensity of the illuminating beam or the units used 
in measuring the absolute levels of fluorescence. It should also be 
unaffected by the architecture of a particular leaf or photosynthetic 
organ (or presence of areoles in the case of C?Cti), which might 
influence the absolute yields of fluorescence through reabsorption. 
Thus F /F can also be used in comparisons between species, between 
V m 
plants which have grown under different environmental conditions, and 
between intact tissues and isolated chloroplasts. 
From detailed analyses of changes in F and F from leaves exposed 
o m 
to light under various conditions, it has been proposed that at least 
two processes may contribute to decreases in F /F and photochemical 
V m 
efficiency of PSII during exposure to light (Demmig and Bjorkman 1987; 
see also Bjorkman 1988). During exposure of sun leaves to high light, 
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F decreases, as may F to a small extent. From equation 3 it can be 
m o 
seen that the decrease in F might be attributed to an increase in 
m 
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either~ or KT. If an increase in KT were responsible for the decline 
in F, then one would expect a simultaneous increase in fluorescence 
m 
from PSI. However, fluorescence from PSI always declines concomitantly 
with decreases in F from PSII (Bjorkman and Powles 1984; Ludlow and 
m 
Bjork.man 1984; Ogren and Oquist 1984b; Powles and Bjorkman 1982; Dernmig 
and Bjork.man 1987; and this author's own unpublished observations). 
Therefore the decline in F, and in F, is likely to be due to an 
m o 
increase in~-
In shade leaves the changes in F and F in response to exposure to 
o m 
high light can be more complex. Although an increase in~ is indicated 
by a decrease in F paralleled by decreases in fluorescence from PSI, a 
m 
decrease in KP is often indicated by increases in F
0 
(see equation 2) 
during the exposure to high light (Bjorkman 1988; Dernmig and Bjorkman 
1987). Thus Demmig and Bjorkman (1987) have suggested that there are at 
least two processes which can result in a decrease in photochemical 
efficiency of PSII during photoinhibition. One is actual 
photoinhibitory damage indicated by the decrease in the rate constant 
for photochemistry (KP) when F
0 
rises in high light exposed shade 
plants, and the other is an increase in the capacity for nonradiative 
dissipation of excitation energy indicated by the increase in~ 
associated with a decline in F . Although the latter is thought to 
m 
serve a regulatory role in protecting the PSII reaction center from 
damage (see Dernmig et al 1987b for a possible mechanism), it still 
results in a decrease in photochemical efficiency, and thus its effect 
is indistinguishable from photoinhibitory damage in measurements of 
quantum yield. 
The difficulty in drawing conclusions about_ the degree of 
photoinhibitory damage versus the degree of the protection afforded by 
increases in nonradiative dissipation of energy from observed changes in 
fluorescence is that the processes are likely (if not always) to occur 
simultaneously, at least in shade acclimated photosynthetic organs. 
Thus the direction, and magnitude, of change observed in the level of F 
during exposure to high light will be determined by a combination of an 
increase in~ (protective, causing F
0 
to fall) and a decrease in KP 
(damage, causing F to rise). Therefore even though photoinhibitory 
0 
damage may occur when F remains steady or even declines, such damage 
0 
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can only be inferred directly from measurements of fluorescence when F 0 
is seen to increase. Direct measurements of other components of the 
photosynthetic apparatus, such as light saturated rates of electron 
transport, the flash yield of functional PSII reaction centers, or the 
concentration of QB (thought to be a primary target of photoinhibition 
(Arntzen et al 1984; Kyle et al 1984), although it now seems likely that 
damage at QB during photoinhibition is a secondary effect (Arntz and 
Trebst 1986; Cleland and Critchley 1985; Cleland et al 1986; Theg et al 
1986)) can help to resolve this dilema. Such an approach was used in 
Chapter 5. 
Of course measurements of quantum yield suffer from the same 
difficulty of interpretation as fluorescence, without any possibility of 
distinguishing between decreases in quantum yield due to damage and 
decreases due to an increase in~ (protective in nature). Nonetheless, 
measurements of quantum yield and F /F from PSII appear to be well-
_v m 
suited for assessing the photosynthetic efficiency of intact 
photosynthetic organs (Demrnig and Bjorkman 1987). Both of these will be 
used in assessments of photoinhibition of CAM plants in the following 
chapters. 
PART II - RESPONSES OF CAM PLANTS TO LIGHT UNDER CONTROLLED 
CONDITIONS 
Chapter 4 - ACCLWATION AND PHOTOINHIBffiON OF GLASSHOUSE-GROWN 
CAMPLANTS 
Responses of Two CAM Species to Different PFD During Growth and Susceptibility to 
Photoinhibition by High Light 
Chapter 5 - CAN CAM MITIGATE PHOTOINHIBffiON? 
Internal CO2 Supply During Photosynthesis of Sun- and Shade-grown CAM Plants in 
Relation to Photoinhibition During Short-term Experiments 
I 
r 
Chapter 4 - ACCLIMATION AND PHOTOINHIBITION OF GLASSHOUSE-GROWN CAM 
PLANTS 
Responses of Two CAM Species to Different PFD During Growth and 
Susceptibility to Photoinhibition by High Light 
Introduction 
As elaborated in Chapter 1, there have been numerous studies of the 
responses of c3 species to sun and shade, yet little characterization of 
CAM plants grown under different PFD. Many horticultural CAM plants are 
grown indoors in dim light, and many other CAM plants grow naturally in 
deep shade as rainforest epiphytes (Medina et al 1977; Winter et al 
1986), but little is known of the effects of shade on CAM. Our lack of 
understanding of these responses is due, in large part, to the 
complicated gas exchange characteristics exhibited by plants possessing 
CAM (Osmond 1978). Since co2 uptake occurs primarily during the dark it 
is difficult, if not impossible, to generate typical light response 
curves for CAM plants using conventional methods of co2 exchange 
analysis. Previous studies of the influences of light on CAM have 
relied on an integrated measure of nocturnal co2 uptake or acid 
accumulation following exposure to a given PFD for a given daylength, 
and in only one instance was any attempt made to actually grow the 
plants (for three weeks) at different PFD (Martin et al 1986). With the 
advent of the leaf disc o2 electrode (Delieu and Walker 1981), however, 
it is now possible to measure the light response characteristics of 
photosynthesis in CAM plants directly and quickly (see Chapter 2). 
There has likewise been little consideration of photoinhibition in 
CAM plants. Although it has been hypothesized that the biochemistry of 
CAM may provide some degree of protection against photoinhibition 
through the internal generation and recycling of co2 (Osmond 1982), CAM 
plants transferred from shade to full sunlight €xperienced 
photoinhibition (Winter et al 1986). 
The objectives of this study were therefore two-fold. First, to 
ascertain the responses of two CAM species to growth under a range of 
PFD conditions through the characterization of a number of properties in 
these plants. Second, to determine the degree to which these plants are 
susceptible to photoinhibition by high light. 
3 0 
Material8 and Methods 
Kalanchoe daigremontiana and Hoya carnosa were propagated from 
plantlets and cuttings, respectively, and grown as described in Chapter 
2. Growth under reduced PFD was achieved with layers of shade cloth 
which transmitted approximately 50%, 30%, 15%, and 5% of the daily peak 
-2 -1 PFD in the glasshouse (approximately 2000 and 1500 µrnol quanta m s , 
on a clear day, in the summer and winter respectively). All plants 
received water daily, and a nutrient solution (1/2 strength Hoagland's) 
3 times a week. Therefore none of the plants are likely to have 
experienced water stress, particularly since stomata presumably remained 
closed throughout much of the day. No attempts were made to provide for 
uniform leaf temperatures between plants grown under different PFD, 
however the air in the glasshouse was well circulated which should have 
minimized such differences. 
Kalanchoe daigremontiana was characterized primarily in January, and 
H. carnosa in November. All plants were at least 4 months old, and the 
leaves had developed totally under the indicated light conditions. Only 
fully developed leaves (in the case of K. daigremontiana, only leaves of 
the 4th to 7th rank from the apex) were used in these experiments. In 
preliminary trials it was also found that the orientation of the leaves 
with respect to the light environment was very critical in obtaining 
consistent results, particularly in high PFD grown plants. Thus only 
the south half of east-west pointing K. daigremontiana leaves grown 
under high PFD (the north half was exposed to more direct solar 
radiation due to their invaginated structure) were used in the 
experiments described here. 
Light response curves of o2 exchange were determined as described in 
Chapter 2 using a leaf disc oxygen electrode (Delieu and Walker 1981). 
Room temperature chlorophyll a fluorescence in9uction transients were 
measured prior to the measurement of the light response curves using a 
Hansatech LED light source and fluorescence detector as described in 
Chapter 3. Chlorophyll fluorescence from PSII at 77K (690nm) was 
likewise determined as described in Chapter 3 from discs of tissue 
adjacent to that used for the light response curves. As the 
characteristics of room temperature fluorescence changed during the day 
with changes in incident PFD (see Fig. 3.2), all determinations of 
fluorescence and light response curves were made in the morning. 
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Nocturnal acid accumulation was estimated by sampling leaf tissues 
near dusk and dawn, extracting the acids in boiling water, and titrating 
the cooled extractions to pH 7.0 using 0.02 N NaOH. Samples for o13c 
analysis were prepared and analyzed as in Farquhar and Richards (1984). 
Total chlorophyll content of leaf discs was estimated by conversion of 
the chlorophyll extracted in 80% acetone to pheophytin through the 
addition of oxalic acid. This was done in order to avoid an 
underestimation of total chlorophyll due to any conversion of 
chlorophyll to pheophytin by endogenous malic acid upon rupture of the 
tonoplast and thylakoid membranes. Absorption at 536 and 666nm was 
measured, and total pheophytin calculated using the equation developed 
by Vernon (1960). 
Photoinhibitory treatments consisted of exposure of leaves in air to 
-2 -1 1750 µmol quanta m s (from a water-filtered xenon arc lamp) in a 
temperature controlled cuvette (leaf temperature of 27°c). These 
treatments began about midway through the period of deacidification. To 
generate the timecourse of changes in F /F, tissue samples were removed 
V m 
at various points during the treatment. Otherwise, the plants were 
placed in darkness at the end of the treatment and the various 
parameters determined the following morning so as to be comparable with 
the previously determined control values. 
Results 
Characteristics of CAM Plants Grown under Different PFD 
Leaves of the more shade grown plants of both species were thinner, 
as evidenced by lower values of fresh weight per leaf area (Fig. 4.1). 
Chlorophyll concentrations were elevated with reduced PFD during growth 
(Fig. 4.2), and this correlated with increases in the absolute levels of 
both instantaneous and maximum 77K fluorescence _with decreased PFD 
during growth (Figs. 4.3 and 4.4). The absolute levels of room 
temperature fluorescence, the initial peak (P) and terminal steady state 
level (T), were also elevated with decreased PFD during growth (Figs. 
4 . 3 and 4. 4) . Measurements of F /F (fluorescence from PSII at 77K) 
V m 
yielded similar results for both species under all growth conditions 
except H. carnosa at full glasshouse PFD, in which F /F was reduced 
V m 
(Table 4.1). 
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Figure 4.1. Differences in the fresh weight per unit area between leaves of K . 
daigremontiana (open circles) and H . carnosa (closed circles) grown under different 
PFD. Standard error bars too small to be visible, n = 4. 
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Figure 4.3. Differences in the initial peak (P) and terminal steady state (T) values 
of room temperature chlorophyll a fluorescence (upper panel), and the instantaneous 
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) and maximum (Fm) levels of fluorescence from PSII at 77K (lower panel) between 
leaves of K. daigremontiana grown under different PFD. Standard error bars indicated 
for n greater than 2, and too small to be visible in F 0 ; n = 2 for room temperature 
data, for 77K data n = 8, 3, 2, 4, and 2 for 0, 50, 70, 85, and 95% shade 
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Figure 4.4. Differences in the initial peak (P) and terminal steady state (T) values 
of room temperature chlorophyll a fluorescence (upper panel), and the instantaneous 
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Table 4.1. F /F (fluorescence from PSII at 77K) and quantum yields of photosynthetic o2 exchange from leaves of K. V m 
daigremontiana and H. carnosa grown at different PFD. Mean± SE (n). 
Kalanchoe daigremontiana Hoya carnosa 
Percent shade 
during growth 
0 
50 
70 
85 
95 
77K fluorescence 
F /F 
---v~ 
0.81 ± 0.00 (24) 
0.81 ± 0.00 (3) 
0.81 I ( 2) 
0.81 ± 0.01 (6) 
0.81 ± 0.01 (4) 
Apparent quantum yield 
-1 
mol o2 mol quanta incident 
0.098 ± 0.005 (8) 
0.099 ± 0.004 (3) 
0.100 (2) 
0.084 ± 0.005 (4) 
0.088 (2) 
77K fluorescence 
F /F 
---v..:.-..m--
0.76 ± 0.02 (11) 
0.80 (2) 
0.82 ± 0.00 (4) 
0.82 ± 0.00 (4) 
0.82 ± 0.01 (4) 
Quantum yield 
-1 
mol o2 mol quanta absorbed 
0.083 ± 0.001 (4) 
0.098 
0.099 
0.099 
0.092 
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uantum yields were near 0.10 mol o2 mol-l quanta except in K. 
daigremontiana at 85% and 95% shade (probably due to photoinhibition 
during the brief exposure to high light prior to determination of the 
quantum yield; see Chapter 2) and in H. carnosa grown under full 
glasshouse PFD (Table 4.1). Other aspects of the light response curves 
of o2 exchange appeared to be dependent on the PFD during growth, with 
the following general trends being observed: higher light compensation 
points (Fig. 4.5), higher rates of respiratory o2 uptake (Fig. 4.6), and 
higher levels of photosynthetic capacity (higher rates of photosynthetic 
o2 evolution near light saturation) (Fig. 4.6) with increased PFD during 
growth. This was true in all cases except in H. carnosa grown at the 
highest PFD in which reduced maximum rates of photosynthesis concomitant 
with reduced quantum yields were observed. Thus the light response 
curves of H. carnosa grown at high PFD did not show the acclimation of 
photosynthesis found in K. daigremontiana (Fig. 4.7). 
An integrated measure of nightly co2 uptake, nocturnal acid 
accumulation, exhibited characteristics similar to those of 
photosynthetic capacity, with higher levels of acid accumulation in 
plants grown under higher PFD (Fig. 4.8). Once again, however, H. 
carnosa grown at the highest PFD deviated from this trend with a reduced 
level of nocturnal acid accumulation relative to that of plants grown 
under lower PFD. The nocturnal accumulation of malic acid appeared to 
be roughly related to the photosynthetic capacity in each species (Fig. 
4.9). The o13c values of K. daigremontiana leaves also varied with PFD 
during growth, becoming more negative with reduced PFD (Fig. 4.10). 
Susceptibility to Photoinhibition in CAM Plants 
The timecourse of the effects of the photoinhibitory treatment on K. 
daigremontiana grown under different PFD were followed with 77K 
fluorescence (Fig. 4.11). These data show that photoinhibition occurred 
more rapidly in plants grown in deep shade. The extent of 
photoinhibition after a standard 4 h exposure to bright light was 
indicated by changes in F /F 
V m 
(fluorescence from PSII at 77K) and P-T 
(an indicator of the variable component of room temperature 
fluorescence) (Fig. 4.12). The changes in P-T were due solely to 
reductions in P, as the level of Twas unaffected by the treatment. 
There were significant changes in the light response curves of K. 
daigremontiana following photoinhibition, with increases in the light 
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compensation point and decreases in the apparent quantum yield across 
the range of growth conditions (Fig. 4.13}. The maximum rates of 
photosynthesis were also reduced by more than 50% in the plants grown at 
85% and 95% shade, and by approximately 25% in the plants grown at 50% 
and 70% shade (data not shown; see Fig. 4.6 for control values). 
The changes in all of these parameters indicate that the extent of 
photoinhibition was progressively greater in plants grown under lower 
PFD. The reductions in F /F (Fig. 4.12} and apparent quantum yield 
V m 
(Fig. 4.13} following photoinhibition were strikingly similar. A plot 
of one against the other (Fig. 4.14} revealed that the two were well 
correlated. 
Discussion 
These experiments describe, for the first time, the effects of long-
term growth and development under prescribed light conditions on the 
photosynthetic properties of CAM plants. These data serve to extend 
earlier studies on the effects of light intensity during growth on 
photosynthetic properties of c3 and c4 plants (see Chapter l} to CAM 
plants, and are relevant to field studies of CAM species which grow in 
naturally shaded habitats (Winter et al 1986}. They can also be related 
to earlier investigations of the effects of short term changes in light 
regime on some aspects of the expression of CAM. For example, Kaplan et 
al (1976) found that respiration of K. daigremontiana responded to light 
intensity within three days, and the plants grown in deep shade had the 
lowest respiration rates (Fig. 4.6). The extent of nocturnal 
acidification in CAM plants is dependent on the total PFD received by 
the tissues in the previous day (see Chapter 1), and it decreased 
similarly with increased shading during growth in both of the species 
examined in this study (Fig. 4.8). However, ~educed acidification in 
CAM plants grown under reduced PFD may also be due to changes in 
intrinsic factors as well, such as photosynthetic capacity (Fig. 4.9}. 
The low level of acidification exhibited by H. carnosa grown at the 
highest PFD seems to be related to photoinhibition as discussed below. 
There are at least two possible causes for the decrease in the o13c 
value with decreased PFD during growth (Fig. 4.10}. One is that a 
greater proportion of co2 is fixed nocturnally via PEP carboxylase in 
the higher PFD grown plants, and proportionately more CO2 is fixed in 
the light via RuBP carboxylase in the shade-grown plants (Osmond et al 
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1973). The differences in nocturnal acid accumulation (Fig. 4.8) are 
indicative of this, but not definitive, as these may simply reflect the 
differences in available energy. The other possibility is that direct 
co2 fixation by RuBP carboxylase in the plants grown at higher PFD 
occurs at a lower intercellular CO2 partial pressure than in shade grown 
plants (Ehleringer et al 1986; Farquhar and Richards 1984). Analysis of 
diel gas exchange patterns of CAM plants grown and measured at high and 
low PFD should help to determine to what extent each may be responsible 
for the changes in o13c. 
The two leaf succulent CAM plants studied here exhibit many of the 
same responses to PFD during growth found in other c3 and c4 plants (see 
Chapter 1). Thus the respiratory rate and light compensation point were 
lower in plants grown in deep shade (Figs. 4.5 and 4.6; see also Fig. 
2.3), the rate of light- and CO2-saturated photosynthesis tended to 
increase with increased PFD during growth (Fig. 4.6), and quantum yield 
was relatively unchanged (Table 4.1; see also Fig. 2.3). An increase in 
the absolute levels of room temperature fluorescence (P and T; Figs. 4.3 
and 4.4; see also Fig. 3.1) has also been found in other species grown 
at low relative to high PFD (Lichtenthaler et al 1984; Schreiber et al 
1977), and in CAM plants under field conditions (Winter et al 1986). 
The constancy of the ratio F /F at 77K (Tables 4.1), despite large 
V m 
differences in F and F (Figs. 4.3 and 4.4), is consistent with that 
o m 
observed in a number of other species (Bjorkman and Demmig 1987). 
Chlorophyll content on fresh weight (Fig. 4.2) or area bases (not shown) 
decreased with increased PFD during growth, as was also found in the CAM 
epiphyte Tillandsia usneoides (Martin et al 1985). 
These changes indicate a degree of acclimation in photosynthetic 
properties to growth PFD, but this seems to be limited. Thus under the 
highest PFD, light- and CO2-saturated photosynt~esis was reduced 
compared with 50% shade (Fig. 4.6), especially in H. ~arnosa which also 
exhibited a reduction in quantum yield and F /F from PSII (Table 4.1), 
V m 
as well as a precipitous decrease in chlorophyll content (Fig. 4.2). 
Similar limited acclimation and low chlorophyll in bright light has been 
observed in several CAM epiphytes (Martin et al 1986; Winter et al 
1986). The failure of H. carnosa to acclimate to full sunlight suggests 
it may suffer from chronic photoinhibition. 
When shade-grown c3 plants are transferred to bright light they show 
light dependent damage to the photosynthetic apparatus which is 
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dependent on time of exposure and PFD (Bjorkman and Demmig 1987; Demmig 
and Bjorkman 1987; Powles and Bjorkman 1982). These results with K. 
daigremontiana show that shade-grown CAM plants are no different from c3 
plants in this respect. Decreases in quantum yield, photosynthetic 
capacity, F /F from PSII, and room temperature fluorescence were 
V m 
observed after 4 h exposure of shade-grown plants to bright light (Figs. 
4.11 to 4.13). Similar responses of quantum yield and room temperature 
fluorescence were found when CAM plants from deeply shaded natural 
habitats were exposed to full sunlight (Winter et al 1986). 
As the measurements of 77K fluorescence were made at 690nm, they 
indicate changes in the primary photochemistry of PSII following 
photoinhibition (see Chapter 3). The correlation between quantum yield 
and the fluorescence ratio F /F at 77K (Fig. 4.14) is similar to those V m 
established by Bjorkman and Demmig (1987) and Demmig and Bjorkman 
(1987). This relationship will be considered in greater depth in the 
following chapter. More detailed analyses of the changes in F and F o m 
responsible for the reductions in F /F during photoinhibition for both V m 
sun- and shade-grown Kalanchoe will also be undertaken in the next 
chapter. 
The relationship between changes in the photosynthetic apparatus 
when shade-grown plants are transferred to bright light, and the 
incomplete acclimation of CAM plants to high PFD remains to be 
established. It seems likely that rearrangements in the photosynthetic 
apparatus which accompany acclimation to high PFD make it less 
susceptible to photoinhibition. However, it is possible that 
acclimation and repair of photoinhibition may involve conflicting 
demands on chloroplast function which lead to responses of the sort 
observed in H. carnosa. The field studies in Chapters 6, 7, and 8 will 
also reveal that the response of H. carnosa to growth under high PFD is, 
apparently, quite common in CAM plants under natural conditions. 
Chapter 5 - CAN CAM MITIGATE PHOTOINHIBITION? 
Internal co2 Supply During Photosynthesis of Sun- and Shade-grown CAM 
Plants in Relation to Photoinhibition During Short-term Experiments 
Introduction 
Leaves of c3 plants grown in bright light are subject to 
photoinhibition following illumination at the light intensities 
experienced during growth in the absence of internal or external sources 
of co2 (Powles 1984; Powles and Osmond 1978). Photoinhibition was 
indicated by impaired quantum yield, impaired light and CO2 saturated 
photosynthesis, both measured in vivo, and by impaired photosystem II 
electron transport activity in isolated thylakoids. Much the same 
photoinhibitory responses are shown by shade plants after transfer to 
bright light in air, and the effects of co2 deprivation are additive in 
this case (Powles and Thorne 1981). It was shown that photorespiration 
provides a significant internal source of co2 which can mitigate 
photoinhibition in sun grown c3 plants (Cornie 1976; Powles et al 1979, 
1984). That is, photorespiration in air makes it unlikely that co2 
deprivation due to stomatal closure could lead to photoinhibition (Heber 
and Krause 1980; Osmond et al 1980). 
Although stomatal closure is unlikely to lead to co2 deprivation in 
c3 plants, it is well established that stomata of CAM plants close so 
tightly as to preclude co2 exchange in the light during deacidification 
(Kluge and Ting 1978; Osmond 1978). During this period, high internal 
CO2 concentrations are generated by the decarboxylation of malic acid, 
and this internal co2 source is utilized in photosynthesis (Cockburn et 
al 1979). Many CAM plants, especially stem succulents, respond to soil 
water deficits by maintaining tightly closed stomata throughout the 
light period (Szarek et al 1973) and nocturnal recycling of respiratory 
co2 through malic acid for subsequent photosynthesis. These studies led 
to the speculation (Osmond 1982; Osmond et al 1980) that the internal 
supply of co2 derived from malic acid in CAM plants served to mitigate 
photoinhibition and maintain the integrity of the photosynthetic 
apparatus in these plants, in the absence of co2 exchange in the light. 
Although CAM plants grown in the shade are more susceptible to 
photoinhibition than those grown in bright light (see Chapter 4), the 
significance of the internal co2 source in alleviating high light stress 
in these plants has not been examined. This chapter describes 
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experiments based on manipulation of dark CO2 fixation, and establishes 
the importance of malate as an internal co2 source in CAM plants. 
Materials and Methods 
Kalanchoe pinnata was grown from plantlets under either full 
glasshouse light (sun-grown plants; peak of approximately 1500 µmol 
2 1 -2 -1 quanta m- s- in the winter and 2000 µmol quanta m s in the summer, 
on a horizontal plane on a clear day) or under shade cloth (shade-grown 
plants; irradiance ranged from 15 to 30% of full glasshouse irradiance 
depending on solar angle and cloud cover). All measurements of light 
were made with a quantum sensor (Li-Cor 190SB). Glasshouse air 
temperatures ranged from 14°c at night to as high as 36°c on some summer 
days. Plants received water daily and nutrients (one-half strength 
Hewitt's) three times a week. All plants were at least three months old 
and only the terminal leaflet of tripinnate leaves of the third to fifth 
rank from the apex, in an east-west plane, were used for the experiments 
described below. 
All experiments were carried out with the gas exchange system 
described in von Caemmerer and Edmondson (1986), with the following 
changes. The leaflet was inserted into a chamber with a volume of 2.5 l 
and the flow of gases through the chamber was maintained at 2 l min-1 , 
t 5 l ml.·n-l h CO h d or a wen 2 exc ange was measure . Light was provided by a 
metal halide lamp, and different irradiance levels were obtained by 
changing the height of the lamp and/or inserting neutral density glass 
filters. Leaf temperature (maintained at 1s0 c during the dark and 27°c 
during the light) was monitored with a thermocouple inserted into and 
parallel with the mesophyll. The vapor pressure deficit was maintained 
at approximately 8 mbar during the dark and 12 mbar during the light. 
The co2 partial pressure of the air stream prio~ to entering the chamber 
was measured with an infrared gas analyzer (model ZAR, Fuji Electric). 
Calculations of the rates of co2 exchange followed von Caemmerer and 
Farquhar (1981). 
Leaves were placed in the chamber in early afternoon and illuminated 
-2 -1 (sun leaves at 800 µmol quanta m s and shade leaves at 325 µmol 
-2 -1 quanta m s ) for 5 to 6 h in air to ensure decarboxylation of any 
remaining malic acid. This was followed by a 13 h night in either air 
(allowing fixation of co2 into malic acid, thereby providing an internal 
CO2 source for photosynthesis during the subsequent light period) or i n 
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2%02, balance N2 (preventing the fixation of co2 from external sources 
and suppressing fixation of respiratory CO2 ). Following the dark 
treatment with either air or 2%02 , the leaves were exposed to light in 
either air or 2%02 and various parameters measured during or at the end 
of this treatment. Levels of titratable acidity were determined on 
extracts of leaf punches which were weighed, cut into small pieces, and 
boiled for 20 to 30 min in water. The extracts were then titrated to an 
endpoint of pH 7.0 with 0.01 N NaOH. 
Fluorescence from PSII (690nm) from leaf tissues frozen to 77K for 4 
min following a 7 min period of darkness was measured with the second 
system described in Chapter 3. Light response curves and quantum yields 
(0) of o 2 exchange were determined from leaf discs at 25°c and 5%co2 as 
described in Chapter 2. 
Uncoupled, light-saturated rates of electron transport through PSII, 
from H2o through Q8 to the artificial electron acceptor 2,5-dimethyl-p-
quinone (DMQ), were determined polarographically from suspensions of 
isolated thylakoids maintained at 2s 0 c. Leaf tissues were sliced into 
small pieces and then ground for 6 sin a chilled medium (approximately 
12 ml per 10 cm2 of tissue) containing 350 mM sorbitol, 150 mM N-2-
hydroxyethylpiperazine-N'-3-propanesulfonic acid (EPPS), 20 mM NaCl, 5 
mM MgC1 2 , and 0.5 mM NaEDTA, at a pH of 8.0 (KOH), to which 1% PVP and 
1% BSA were added just prior to use. This suspension was then filtered 
through 20 µm nylon mesh cloth and the filtrate spun at 2800 x g for l 
min. The supernatant was discarded and the thylakoids resuspended in a 
small volume of the reaction medium (350 mM sorbitol, 50 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 20 mM NaCl, and 
SmM MgC12 , at a pH of 6.8, the experimentally determined pH optimum; see 
Fig. 5.1). This suspension, which was kept on ice, was then immediately 
assayed. Each preparation was assayed a minimum of three times and the 
mean rate determined. The reaction medium contained 10 mM NH 4cl and 1 
mM DMQ. The chlorophyll concentration in the reaction suspension was 
determined using the equations of Arnon (1949) from spectrophotometric 
analysis of acetone extracts of the thylakoid suspension following the 
electron transport assays. 
The number of functional PSII centers in intact leaf discs was 
determined in collaboration with Dr. WS Chow, CSIRO Plant Industry, by 
measuring the oxygen yield induced by single-turnover flashes 
(approximately 3 µs duration at half peak height). The flashes were 
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supplied by a xenon flash lamp (Stroboslave type 1539-A) at a frequency 
of 4 Hz. The rate of oxygen evolution (minus dark drift), determined 
with a leaf disc o2 electrode, was compared with the flash frequency to 
give the oxygen yield per flash. The number of o2 molecules evolved per 
flash was multiplied by 4 to give the number of functional PSII centers. 
-2 -1 Background far-red light (approximately 17 µrool quanta m s , 700-
730run) was present during flash illumination in order to keep PSI 
turning over and the plastoquinone pool in an oxidized state. 
Resu1ts and Discussion 
Leaves of K. pinnata, grown in sun or shade, exhibited greatly 
reduced levels of nocturnal acid accumulation when kept in 2%02 in the 
dark for 13h (Table 5.1). This result, similar to that obtained by 
Moyse (1955) with N2 atmospheres, provided a ready means of controlling 
internal co2 supply in the subsequent light phase. However, pure N2 
atmospheres led to flaccid leaves, for unknown reasons, and and it was 
found that this complication could be avoided in 2%02 . Several other 
complications also arose from the protocol employed in these 
experiments. One is that F /F was usually slightly reduced in leaves 
V m 
exposed to 2%02 overnight relative to those exposed to air (Table 5.1). 
Another is that 2%02 in the light substantially delayed deacidification 
in tissues which had been kept in air in the dark. For instance, in one 
typical experiment the level of titratable acidity dropped from 360 to 
-1 81 µEq acid g fresh weight during the 4 h exposure to 1750 µrool quanta 
-2 -1 . . 
m s in air, whereas in 2%02 it only decreased from 350 to 309 µEq 
acid g-l fresh weight. Therefore, controls were usually plants exposed 
to air in the dark and light and treatments were usually plants kept in 
2%02 in the dark and light. 
Another aspect of the controls used in these experiments which 
required evaluation at the outset was the intrinsic sensitivity of K. 
pinnata to photoinhibition in bright light. Some CAM plants show light 
dependent reduction in dark co2 fixation capacity when exposed to high 
PFD for several days (Nobel and Hartsock 1983). Figures 5.2 and 5.3 
show that, in the relatively short term experiments employed here, 
leaves of sun-grown K. pinnata did not show any evidence of light 
dependent reduction in maximum rates of co2 uptake in air in the late 
afternoon. Moreover, increasing the PFD from 800 to 1200 or 1750 µrool 
quanta m- 2 s-l did not alter the amount of CO2 fixed in the light or the 
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Table 5.1 . Malic acid accumulation and F /F (fluorescence from PSII at V m 
77K) in K. pinnata leaves in response to different atmospheres in the 
dark. Mean± SE (n). 
Growth Dark AM titratable acidity 
conditions atmosphere E g-l fresh · ht µ q _ weig 
Sun air 317 ± 8 ( 11) 
2%02 48 ± 3 (13) 
Shade air 245 ± 12 ( 4 ) 
2%02 37 ± 0 ( 3) 
PSII fluorescence 
F /F 
---v~ 
0.804 ± 0.006 (12) 
0.781 ± 0.012 ( 16) 
0.829 ± 0.008 ( 8) 
0.786 ± 0.004 ( 4 ) 
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Figure 5.2. Diurnal patterns of CO2 exchange in air for a sun'""grown leaf of K. 
pinnata (August) exposed to 800 µmol quanta m-2 s- 1 for the first 11 h day followed 
by a day at 1200 µmol quanta m-2 s- 1. Net CO2 uptake was identical for both 
exposures. 
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dark . In other words, photosynthetic co2 fixation in these plants was 
-2 -1 light saturated at 800 µmol quanta m s , but higher PFD did not 
impair co2 uptake when air levels of co2 were available. 
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,comparison of Figures 5.2 and 5.3 with Figure 5.4 shows that the 
co2 saturated rate of o2 exchange was much greater (5-8 times) than the 
rates of photosynthetic co2 uptake achieved in air in the late 
afternoon. This feature of CAM plants, noted earlier by Spalding et al 
(1979) in comparisons of the rate of deacidification and photosynthetic 
co2 exchange in Sedum praealtum, and more recently in my own comparison 
of deacidification and photosynthetic o2 exchange versus co2 exchange in 
Opuntia stricta (see Chapter 6), suggests that the photosynthetic 
apparatus is optimized for rapid and efficient photosynthesis under the 
high co2 concentrations prevailing during deacidification, rather than 
for photosynthesis in air. 
Figure 5.4 shows the light response curves for photosynthetic 02 
evolution in K. pinnata leaves exposed to 800 µmol quanta m -2 -1 for 4 s 
h in 2%02 after night in air (titratable acidity 307 µEqg 
-1 fwt) a = 
-2 -1 
and to 1750 µmol quanta m s for 4 h in 2%02 after a night in 2%02 
(titratable acidity= 43 µEq g-l fwt). Illumination in the absence of 
an internal co2 supply (malic acid), and in the absence of external CO2 , 
led to a reduction in quantum yield, a reduction in photosynthesis at 
high PFD, and a reduction in F /F of 77K fluorescence. These changes 
V m 
suggest that photoinhibition of these sun-grown plants depends on low 
malic acid content and high PFD. 
These indications were confirmed in other experiments with leaves of 
sun-grown plants (Table 5.2). As an additional measure of the 
occurrence of photoinhibition, the rate of PSII mediated electron 
transport from H2o to DMQ was measured. Compared with controls kept in 
air in the dark and light, leaves of plants kept in 2%02 in the dark 
showed a 13 to 27% decrease in quantum yield, 38 to 61% decrease in 
electron transport, and a larger decrease in F /F of 77K fluorescence 
V m 
-2 -1 
after a 4 h exposure to 1750 µmol quanta m s Treatment in air 
following 2%02 in the dark prevented photoinhibition, although the most 
sensitive parameter, electron transport activity, decreased to some 
extent. The ability of photorespiration to prevent photoinhibition 
through the maintenance of c3 plants at the co2 compensation point in 
21%02 at high light was previously demonstrated (Powles and Osmond 1978; 
Powles et al 1979). However, treatment of K. pinnata in 21%02 in the 
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m s . 
Table 5.2. Photoinhibition of photosynthesis in sun-grown leaves of K. pinnata lacking an internal co2 supply 
(malic acid) is partially prevented by air or 21%02 in the light (November). 
Treatment Titratable acidity Quantum yield Electron transport 77K fluorescence 
H20~DMQ at 690nm 
dark light* -1 (µEq g fwt) -1 -1 -1 (mol o2 mol quanta) (mmol o2 mol Chl s ) (% change in Fv~ 
air air 318 0.085 137 -11 
2%02 air 49 0.090 105 -15 
2%02 21%02 62 0.074 74 -17 
2%02 2%02 49 0.076 so -27 
21%02 2%02 54 0.064 47 -25 
-2 -1 
*1750 µmol quanta m s for 4 h. 
light~ which would permit photorespiration to proceed, was not very 
effective, possibly because the flowing gas stream flushed 
photorespiratory co2 from the chamber. Perhaps for the same reason, 
21%02 in the dark, which would permit respiration to proceed, did not 
result in a significant increase in malic acid synthesis. These 
experiments establish that in the absence of an internal co2 supply 
(malic acid) and external co2 , this CAM plant shows evidence of 
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photoinhibition in bright light. The results are comparable to those 
obtained with c3 plants (Powles and Osmond 1978; Powles et al 1979) and 
demonstrate that in CAM plants, internal refixation of CO2 from 
decarboxylation of malic acid, like recycling of photorespiratory co2 in 
c3 plants, mitigates photoinhibition. 
In most of these experiments with leaves of sun-grown plants in 
which photoinhibition was brought about by co2 deprivation in bright 
light, changes in PSII electron transport were greater than changes in 
fluorescence. Figure 5.5 compares the time course of the former two 
parameters in control and photoinhibitory treatments, and shows that 
inhibition of PSII electron transport greatly exceeds the changes in 
fluorescence in the absence of co2 . Further timecourses of changes in 
77K fluorescence and electron transport during photoinhibition in leaves 
of sun-grown plants deprived of co2 are shown in Figure 5.6 and Table 
5.3. The decrease in F /F during the exposure to high light in the 
V m 
presence of 2%02 was due to a massive quenching of Fm and a smaller, but 
significant, quenching of F . This quenching was rapidly reversible 
0 
upon transfer of the leaf to low light and air, and F /F recovered V m 
within 4 to 5 h (Fig. 5.6). 
These changes in fluorescence are consistent with those believed to 
indicate the operation of a mechanism whereby energy in excess of that 
which can be utilized for photosynthesis and photorespiration is 
diverted from the reaction centers through nonradiative dissipation, 
thus protecting them from photoinhibitory damage (Bjorkman 1988; Demmig 
and Bjorkman 1987; Demmig et al 1987b; Kitajima and Butler 1975; see 
also Chapter 3). According to this model an increase in F is 
0 
indicative of damage to PSII. However, these fluorescence changes were 
regularly accompanied by a decrease in PSII electron transport activity, 
and a decrease in functional PSII reaction centers as measured by flash 
yield, both of which were reversible within 3 h (Table 5.3). It is 
possible that an increase in F did occur in these experiments but that 
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exposed to air during the previous night allowing accumulation of malic acid, while 
the leaf illuminated in 2%02, 0%C02 had been exposed to 2%0 2, 0%C02 during the 
previous night preventing accumulation of malic acid. 
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Figure 5.6. Timecourse of changes in fluorescence from PSII at 77K for a sun-grown 
leaf of K. pinnata (November) during exposure to 1750 µmol quanta m-2 s- 1 in 2%02, 
0%C02 followed by recovery at 100 µmol quanta m-
2 s- 1 in air. The leaf had been 
prevented from accumulating malic acid during the previous 13 h night by exposure to 
2 o/o02, 0%C02. 
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Table 5.3. Photoinhibition in leaves of sun-grown K. pinnata following CO2 
deprivation in bright light (leaves kept in 2%02 in dark, then 3 hat 1750 
µmol quanta m- 2 s-l in 2%02 followed by recovery for 3 hat 100 µmol quanta 
m - 2 s -l in air) (November) . 
Experiment 77K fluorescence 
at 690nm 
(F /F ) 
~~-'--V~ 
fl control 0.83 
photo inhibited 0.58 
recovery 3 h 
recovery 7 h 
t2 control 
photoinhibited 
recovery 3 h 
0.74 
0.76 
0.79 
0.53 
0.76 
Electron transport 
H2 0--+DMQ 
-1 -1 (mmol o2 mol Chl s ) 
132 
97 
141 
153 
170 
118 
172 
Functional 
PSII centers 
-1 (mmol mol Chl) 
2.34 
0.52 
2.67 
2.34 
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it wa:s masked by concurrent quenching. Alternatively, it is possible 
that in spite of the photoprotective dissipation of excitation indicated 
by tile fluorescence changes, lesions occurred elsewhere in the 
photosynthetic apparatus which were responsible for impaired PSII 
electron transport and PSII reaction center function. 
Some of these experiments were repeated with leaves of shade-grown 
K. pinnata. Table 5.4 shows that neither external nor internal sources 
of co2 were effective in protecting against photoinhibition when leaves 
-2 -1 
were exposed to 1750 µrnol quanta m s These results are similar to 
those obtained previously with shade-grown K. daigremontiana (Chapter 
4). In the experiments described in Table 5.4, unlike those in Table 
5.2, there was good proportional agreement between the changes in 
quantum yield, electron transport, and fluorescence. However, the time 
course of changes in fluorescence show quite a different pattern of 
response to that shown in Figure 5.~. In the leaves of shade-grown K. 
pinnata photoinhibited in air the decrease in F /F was due to an 
V m 
(Fig. 5.7). Recovery was increase in F as well as a decrease in F 
o m 
slower, incomplete, and primarily due to an increase in F . 
m 
Even after 
24 h, F remained higher than the initial control value. This pattern 
0 
of photoinhibition was associated with much the same reversible 
reductions in PSII electron transport activity and functional PSII 
reaction centers as observed previously (cf. Table 5.5 and Table 5.3). 
In these experiments it is presumed that, in spite of the potentially 
photoprotective processes indicated by the decrease in F (due to an 
m 
increase in nonradiative dissipation of excess energy), the increase in 
F
0 
indicates photoinhibitory damage, and it was not surprising to find 
this associated with impaired PSII electron transport and flash yield. 
The possibility of photoinhibitory damage at sites in addition to 
the PSII reaction center is indicated by plotting the relationship 
between F /F and quantum yield measured in leaves of sun- and shade-
v m 
grown plants which had been subjected to different treatments resulting 
in various degrees of photoinhibition. The regression line (Fig. 5.8), 
which was very similar to that observed previously in K. daigremontiana 
photoinhibited in air (Fig. 4.14), does not pass through the origin. 
This implies that the greater change in quantum yield than in 
fluorescence could involve factors other than the balance of excitation 
dissipation in the reaction centers, as interpreted by current models of 
in vivo fluorescence. The more perfect correlations obtained by Demmig 
Table 5.4. Photoinhibition of photosynthesis in shade-grown leaves of K. pinnata is independent of internal or 
external co2 supply (November). 
Treatment 
air (dark/light*) 
-2 -1 800 µmol quanta m s 
-2 -1 1750 µmol quanta m s 
2% 0 2 (dark) air (light*) 
-2 -1 800 µmol quanta m s 
-2 -1 1750 µmol quanta m s 
Titratable acidity 
-1 (µEq g fwt) 
225 
237 
36 
38 
*Leaves exposed to light for 4 h. 
Quantum yield Electron transport 
H20~DMQ 
-1 -1 -1 (mol o2 mol quanta) (mmol o2 mol Chl s ) 
0.094 
0.047 
0.090 
0.054 
84 
44 
79 
41 
77K fluorescence 
at 690nm 
(% change in F /F) 
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Figure 5.7. Timecourse of changes in fluorescence from PSII at 77K for a shade-grown 
leaf of K. pinnata (November) during exposure to 1750 µmol quanta m-2 s- 1 in air 
followed by recovery at 100 µmol quanta m-2 s- 1 in air. The leaf had been allowed to 
accumulate malic acid during the previous night by exposure to air. 
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Table 5.5. Photoinhibition of leaves of shade-grown K. pinnata exposed to 
1 bright light in air (leaves kept in air in the dark, then photoinhibited for 
I~ -2 -1 4 hat 1750 µrool quanta m s in air, followed by recovery at 100 µrool 
~I 
quanta m-2 s-l in air) (November). 
Experiment 77K fluorescence Electron transport Funtional 
at 690nm H2 0__.DMQ PSII centers 
(F /F ) (rrnnol -1 -1 -1 
'1 o2 mol Chl s ) (rrnnol mol Chl) v~ 
I, 
fl control 0.84 128 1.84 
' i 
I photoinhibited 0.48 51 0.87 I! 
I! 
recovery 2 h 0.71 98 2.02 
' 
I 
recovery 4 h 0.73 118 2.45 
recovery 6 h 0.72 123 1.81 
jl 
12 control 0.80 143 ----
photoinhibited 0.45 62 ----
recovery 1.5 h 0.58 96 ----
recovery 3 h 0.63 124 ----
)I recovery 6 h 0.75 134 ----
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Figure 5.8. Relationship between the quantum yield of o2 exchange and F v/F m 
(fluorescence from PSII at 77K) in sun-grown (open circles) and shade-grown (closed 
circles) leaves of K. pinnata subjected to various degrees of photoinhibition. 
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and Bjorkman (1987) with c3 plants were based on qu a ntum y ield and 
fluorescence measurements after periods of recovery in a i r at low PFD . 
Their period of recovery may have allowed repair of additional sites of 
damage other than the PSII reaction center, perhaps between the water-
splitting apparatus and QB (see Fig. 5.5, and compare rates of recovery 
in Tables 5.3 and 5.5), or differences between c3 and CAM plants may be 
responsible for the difference between these correlations. However, the 
relationships between the two different responses behind the change in 
F /F and the similarity of changes in PSII function indicated in vivo 
V m 
and in vitro in the data sets for sun-grown and shade-grown leaves 
cannot, at present, be explained. 
In conclusion it seems clear that the internal source of co2 
provided by the nocturnal fixation of co2 into malic acid can provide 
photosynthetic tissues of CAM plants adequate protection against 
photoinhibition during deacidification when stomata are closed. If no 
internal source of co2 is available then photoinhibition ensues, just as 
it does in co2 deprived c3 plants. Despite the apparent protection 
against photoinhibition afforded by the internal supply of co2 in these 
short term experiments with sun-grown leaves of K. pinnata, it will be 
shown in the following chapters that CAM plants growing in full sunlight 
under natural conditions experience photoinhibition, often to a severe 
degree (Chapters 6, 7, and 8). The experiments in this chapter also 
indicate that, in shade-grown CAM plants, the internal supply of co2 
probably does not provide significant protection against 
photoinhibition, should these plants experience bright light. Like 
shade-grown c3 plants, they are photoinhibited even in the presence of 
adequate internal or external co2 sources. 
'I 
'I 
I 
PART ID - RESPONSES OF CAM PLANTS TO CONTRASTING NATURAL 
LIGHT ENVIRONMENTS 
Chapter 6 - SWEA TING IT OUT IN THE DESERT 
Platyopuntias in High Light Habitats of North America and Australia: Photoinhibition 
of the CAM Succulents Opuntia basilaris Growing in Death Valley, and Opunria stricta 
Growing in the W arrumbungles 
Chapter 7 - CATCHING SOME RAYS AT TIIE BEACH 
Comparisons of Photosynthesis and Photoinhibition in the CAM Vine Hoya australis and 
Several c3 Vines Growing on the Coast of Eastern Australia 
Chapter 8 - GOING OUT ON A LIMB 
Photosynthetic Acclimation to Light in the Epiphytic CAM Species Pyrrosia confluens 
and Dendrobium speciosum 
6 - SWEATING IT OUT IN THE DESERT 
Platyopuntias in High Light Habitats of North America and Australia: 
Photoinhibition of the CAM Succulents Opuntia basilaris Growing in Death 
Valle,, and Opuntia stricta Growing in the Warrumbungles 
Introduction 
Photoinhibition has received considerable attention in recent years 
(see Chapter 1), but has rarely been considered in studies of plants 
growing under natural conditions. Some authorities believe it is 
unlikely to occur under natural conditions (i.e., a plant will not grow 
where it is likely to experience photoinhibition), which might indicate 
that it can be a strong selective pressure in determining plant 
distribution in some circumstances. Prior to the work described here, 
previous evidence for photoinhibition in CAM plants was limited to 
situations in which external conditions were manipulated to induce 
photoinhibitory damage (Martin et al- 1986; Nobel and Hartsock 1983; 
Osmond 1982; Winter et al 1986). The deserts of the New World support a 
wide variety of cacti employing CAM. Of these, the platyopuntias would 
appear to be the most logical choice for investigations into the effects 
of light on CAM physiology in high light habitats, as they feature 
cladodes with fairly large and uniform photosynthetic surfaces which 
remain in a fixed orientation throughout their lifetime. 
The stern succulent Opuntia basilaris Engelm. and Bigel. (Cactaceae) 
has been the subject of a number of field and laboratory studies. Its 
water relations and diel patterns of gas exchange and nocturnal acid 
accumulation have been well characterized under a variety of conditions 
(Barcikowski and Nobel 1984; Gulmon and Bloom 1979; Hanscom and Ting 
1977, 1978; Nobel 1980; Szarek and Ting 1974, 1975b; Szarek et al 1973). 
The ability of this CAM plant to tolerate and adapt to high temperature s 
has been investigated by Downton et al (1984) and Smith et al (1984). 
Additionally the cladode orientation, and interception of radiation by 
various cladode surfaces, was analyzed and modeled by Nobel (1980). 
This species is found in the driest and hottest desert of North Amer ica , 
the Mojave of the southwestern United States. 
In contrast, Opuntia stricta Haw. is native to a much milder 
habitat, the southeastern United States. Upon its introduct ion, i t was 
extremely successful in colonizing the eastern portions of Aust r a lia , 
where it became a major pest until an effective biological con t r ol (the 
45 
larvae of a moth, Cactoblastis cactorum) was introduced (Osmond and 
Monro 1981). The ecophysiology of CAM in this species has also received 
considerable attention (Osmond et al 1979a,b). Among other things, this 
species has a much higher capacity for nocturnal fixation of co2 into 
malic acid under natural conditions than does 0. basilaris. As 
indicated in the previous chapter, this might be important in 
maintaining photosynthetic integrity under conditions of high light 
(i.e. preventing photoinhibition). 
The previous two chapters have demonstrated the utility of F /F 
V m 
from PSII as an indicator of photoinhibition. It was always seen to 
decrease concomitantly with other parameters indicative of 
photoinhibition and, if anything, tended to underestimate the degree of 
that photoinhibition. This chapter examines the diurnal and seasonal 
changes in 77K fluorescence from differently oriented cladode surfaces 
of 0. basilaris growing in Death Vall~y, California. Opuntia basilaris 
was also grown under various controlled conditions in a glasshouse and 
similarly characterized. Opuntia stricta was examined in the 
Warrumbungle Mountains of eastern New South Wales. The results from 
this species are compared and contrasted with those of O. basilaris. 
Materials and Method.a 
Field Studies 
Opuntia basilaris was studied in situ at a site in northern Death 
Valley, California (36° 59' 34" N; 117° 21' 59" W; 750 m elevation) 
adjacent to a mobile laboratory of the Biological Sciences Center, 
Desert Research Institute, Reno (Went 1968). The site was visited six 
times throughout 1985 (20 March, 22 April, 21 May, 19 June, 5 October, 
and 4 December). Daily records of precipitation and maximum and minimum 
temperatures (Fig. 6.1) were obtained from the Death Valley National 
Monument Station at Scotty's Castle, approximately 5 kilometers from, 
and 200 m above, the study site. 
On each occasion stem tissue from north-south and east-west facing 
cladodes was sampled at intervals from dawn to dusk for 77K fluorescence 
measurements. Tissue samples were also removed for determinations of 
water potential and titratable acidity at dawn, and for titratable 
acidity and chlorophyll analysis just prior to sunset. Water potent ia ls 
were measured in the field, while samples for acidi t y and chlorophyll 
so 
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Figure 6.1. Daily measurements of minimum and maximum air temperatures near the 0. 
basilaris study site in Death Valley, California during 1985. 
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were weighed and stored irmnediately in liquid nitrogen for analysis in 
the aboratory. Titratable acidity was estimated by boiling the sampled 
tisslles in water and titrating the cooled extractions to pH 7.0 using 
0.02 N NaOH. Diurnal courses of incident PFD were measured with an LI-
190S quantum sensor (LI-COR, Lincoln, NE, USA). Cladode temperatures 
were measured with an infrared thermometer (Everest Interscience model 
210) with a 4.5 rmn diameter focus. 
Fluorescence from PSII was similarly characterized from cladodes of 
0. stricta growing in Warrumbungle National Park, NSW (31° 25' S, 149° 
00' E, 550 m elevation) where it is found in a mixed woodland of 
Eucalyptus, Acacia, and Callitris. Diurnal courses of incident PFD were 
measured as above, while samples for determination of nocturnal acid 
accumulation were collected at dusk and dawn, stored in 80% ethanol, and 
returned to the laboratory for extraction and titration to pH 7.0 with 
0.01 N NaOH. 
Glasshouse Studies of Opuntia basilaris 
Cladodes of 0. basilaris were collected in the Mojave Desert of 
southwestern Nevada, adjacent to Death Valley, between March and May of 
1984. The plants were potted in sand, watered twice weekly, and 
received 1/2 strength Hoagland's nutrient solution once a week. These 
plants were maintained under glasshouse conditions (27°c day/18°c night, 
30% relative humidity, and natural daylength in Reno) for at least 9 
months prior to any treatments or experiments. 
Shade studies were conducted on plants placed under layers of shade 
cloth which transmitted approximately 50%, 30%, 15%, and 5% of the daily 
peak PFD in the glasshouse. Only cladodes which had developed and 
expanded under these light conditions were used. Desiccation of 
selected plants was achieved by withholding water and nutrients for 212 
days. 
Fluorescence Measurements 
Fluorescence from 0. basilaris tissues was measured with the first 
system described in Chapter 3, and O. stricta was characterized with the 
second system. Tissue plugs of 10 mm diameter were removed from a 
cladode using a cork borer, split into two halves through the non-
chlorophyllous pith, and 77K fluorescence from each cladode face 
measured separately. 
Quantum Yield and Light Response Curves of o2 Exchange 
Quantum yield and co2 saturated rates of photosynthetic oxygen 
exchange were determined as described in Chapter 2 using a leaf disc 
oxygen electrode modified to accommodate thick CAM tissues. Ten crn2 
plugs from the Opuntla cladodes were split into two halves through the 
non-chlorophyllous pith and light response curves generated for each 
face. 
Water Potential 
47 
Cladode water potentials (~) were determined using a 10-charnber 
dew-point psychrorneter (Model SC-lOA, Decagon Devices, Pullman, WA, USA) 
in conjunction with a microvoltrneter (Model H33-T, Wescor, Logan, Utah, 
USA). Samples of chlorenchyma tissue (1.2 cm diameter) were removed 
from the cladodes with a cork borer, immediately sealed into the sample 
chambers, and allowed to equilibrat~ in the system for 3 h prior to 
measurement. The system was routinely calibrated with filter paper 
strips soaked in NaCl solutions of different osrnolality. Although the 
measurements of~ in this study are useful for relative comparisons, it 
is probable that the absolute values are incorrect due to the large 
volume of the sample chambers in the dew-point psychrorneter. The values 
of~ reported here are approximately 1 MPa more negative than those 
obtained in other studies of 0. basilaris (Barcikowski and Nobel 1984; 
Hanscom and Ting 1977; Szarek and Ting 1974, 1975b; Szarek et al 1973). 
Chlorophyll Analyses 
Total chlorophyll content of 0. basilaris stern tissue was estimated 
by conversion of the chlorophyll to pheophytin through the addition of 
oxalic acid to acetone (80%) extracted chlorophyll as described in 
Chapter 4. For the Death Valley samples, the tissue plugs were divided 
into two halves (through the non-chlorophyllous pith) and total 
chlorophyll determined for each face, expressed on an area basis. For 
the glasshouse shade study, cladodes with east-west faces were sampled 
and chlorophyll expressed for the mass of the total plug. 
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Results 
Opuntia basilaris 
Field Studies 
The primary kinetics of 77K fluorescence emission from north and 
south faces of an O. basilaris cladode just prior to sunrise on 5 
48 
October 1985 are depicted in Figure 6.2. The absolute levels of F and 
0 
F were lower in the south face, and the rate at which F saturated was 
m m 
faster in the south face relative to the north face. Diurnal 
measurements of F and F (Fig. 6.3) revealed fairly regular changes, 
o m 
with midday depressions in the absolute levels of both. This was 
particularly true of the north and south faces. The north face of 0. 
basilaris cladodes typically exhibited higher absolute levels of F and 
0 
F fluorescence than cladode surfaces facing the other three cardinal 
m 
directions. 
The midday quenching of F and F resulted in a concomitant decline 
o m 
in F /F (Fig. 6.4). F /F was typically lowest during the middle part 
v m v m 
of the day for the north, south, and east faces following the diurnal 
increase in PFD, while on the west facing cladode surface F /F tended 
V m 
to be lowest toward the end of the day when that face was receiving more 
direct radiation from the sun. 
The two dates shown in Figure 6.4 typify the extremes of 77K 
fluorescence (F /F) from 0. basilaris cladodes observed in Death Va lley 
V m 
during 1985. The data for 21 May were obtained 11 days after a spring 
rain of 6.5 mm whereas the data for 5 October were obtained af t er a 
summer of little rain (13 mm since May; 6.5 mm on 19 September) and air 
temperatures which exceeded 38°c throughout June, July, and Augus t (F i g. 
6 . 1) . Shortly after the spring rainfall event F, F, and F /F were 
o m v m 
relatively high in all four faces, while at the end of the summer they 
were reduced in the south, east, and west faces but not t he nort h face . 
Mean daily values of F /F for each cladode surface we r e c omp iled from 
V m 
diurnal measurements such as those in Figure 6.4, and are given in 
Figure 6.5. F /F was quite depressed in the south, east, and west 
V m 
faces throughout 1985, except in May after the spring ra in . The no r th 
face, however, maintained fairly high value s o f F /F t h r oughout t he 
V m 
year. 
The north-south facing cladode that was s a mpled in Death Valley on 
5 October was remove d fr om the p l ant, p laced in the dark , and returned 
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Figure 6.2. Induction kinetics of fluorescence from PSII at 77K from north and south 
facing surfaces of an 0 . basilaris cladode in Death Valley, California at 7:00 am on 
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to Reno where quantum yields were determi ned for each f ace. The qua ntum 
yield of the north face was considerably higher than that of the south 
face, corresponding to the observed differences in Fv/Fm (Table 6.1). 
Chlorophyll concentrations of the different cladode surfaces did 
not appear to vary from one another to any appreciable degree, although 
the north face did tend to be at the higher end of the range of 
chlorophyll concentrations on each occasion (Fig. 6.6A). In October the 
north face also had a greater absorptance than did the south face (Table 
6.1) which could be due in part to the slightly higher chlorophyll 
concentration of the north face. Chlorophyll concentrations did change 
seasonally, declining in summer without any apparent recovery to 
springtime levels by December. The levels of nocturnal acid 
accumulation, however, were quite low throughout the year until the 
winter of 1985 (Fig. 6.6B). The water potentials of north-south and 
east-west facing cladodes were comparable on each date and were higher 
after recent rains (Fig. 6.6C). When plotted against the measured water 
potentials it appears that F /F declined with increasing water stress 
V m 
(Fig. 6 . 7) . 
Controlled Glasshouse Studies 
To evaluate the effects of PFD during growth of 0. basilaris on 
fluorescence characteristics from PSII at 77K, plants were grown under a 
range of light intensities. The cladodes which developed under the 
lowest irradiance levels had the greatest concentrations of chlorophyll 
(Table 6.2). Both the absolute levels of F and F increased with 
o m 
decreased PFD during growth (about 2-fold from highest to lowest PFD}, 
while F /F appeared to increase slightly with increased shade. 
V m 
The effects of desiccation on the photosynthetic integrity of 0. 
basilaris cladodes under regulated temperatures was investigated in 
plants maintained under glasshouse conditions (Table 6.3). Although F
0 
was unaffected by 212 days of desiccation, F, and consequently F /F, 
m v m 
were both significantly depressed. The quantum yield of photosynthet i c 
o2 exchange was also reduced in the water stressed cladodes. However, 
t here was a great deal of variation in the quantum yield of non-stressed 
cladode s, as exemplified by the extremes of control quant um y ie lds s hown 
in Figure 6.8. These results led to an examination of the re l atio n s h ip 
between quantum yield and the light and co2 saturated rate of net 
photosynthesis, between which there appeared to be a rather strong 
correlation (Fig . 6 . 9 ) . 
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Table 6.1. F /F from PSII, quantum yield of o2 exchange, and absorptance of north and south faces V m 
o f an O. basilaris cladode from Death Valley, California sampled on 5 October 1985. Mean± SE (n). 
Face 
No rth 
South 
PSII fluorescence 
F /F 
----·v~ 
0.65 ± 0.01 (5) 
0.36 ± 0.03 (5) 
Quantum yield 
-1 
mol o2 mol quanta 
0.057 
0.031 (2)0 
Absorptance 
0.667 
0.631 
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Figure 6.6. Seasonal changes in (A) chlorophyll contents from north (closed 
squares), south (open squares), east (closed circles), and west (open circles) facing 
halves of 0. basilaris cladodes in Death Valley, California, and (B) nocturnal acid 
accumulation (change in t:itratable acidity from morning to late afternoon) and (C) 
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Precipitation events are shown in C by solid lines (precipitation total known) and 
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Table 6.2. Chlorophyll contents and low temperature (77K) fluorescence characteristics from PSII 
of 0. basilaris grown at different PFD in a glasshouse (27/18°c day/night; relative humidity of 30%). 
Mean± SE (n). 
Percent shade 
during growth 
0 
50 
70 
85 
95 
Chlorophyll 
content 
-1 µg Chl g FW 
55 
177 
185 
205 
208 
Fluorescence from PSII at 77K 
F, relative units F, relative units F /F 
-o m v~ 
45.8 ± 1.4 (16) 
65.0 
57.5 
69.0 
80.0 
( 2) 
( 2) 
( 2) 
( 2) 
193.3 ± 7.6 (16) 
254.0 
275.3 
339.0 
415.8 
(2) 
(2) 
(2) 
( 2) 
0.77 ± 0.00 (16) 
0.75 
0.79 
0.80 
0.81 
(2) 
(2) 
(2) 
( 2) 
Table 6.3. Effects of desiccation on fluorescence from PSII in O. basilaris maintained in a glasshouse (27/18°c 
day/night; relative humidity of 30%). The control and experimental values were obtained from 7 and 2 plants 
respectively. Mean± SE (n). 
Water potential 
Treatment MPa 
Cont rol -1.56 ( 2) 
Water withheld 
for 212 days -2.27 ± 0.04 (4) 
Fluorescence from PSII at 77K 
Ko, .... ,_r_e_l_a_t_i_v_e_u_n_i_t_s F, relative units rn.,_ ________ _ 
40.4 ± 1.2 (23) 179.0 ± 7.0 (23) 
43.5 ± 2.0 (8) 118.3 ± 9.6 (8) 
F /F 
v~ 
0.78 ± 0.00 (23) 
0.62 ± 0.02 (8) 
Quantum yield 
-1 
mol o2 mol quanta 
0.065 ± 0.005 (13) 
0.039 ± 0.007 (4) 
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Opuntia stricta 
The light response curves for the sun-exposed and sun-protected 
faces from the cladode of an 0. stricta plant growing in full sunlight 
are shown in Figure 6.10. The shade face (which never received direct 
sunlight; see Fig. 6.11) exhibited a lower light compensation point, a 
higher quantum yield, but a much lower photosynthetic capacity than did 
the sun face. The light response curves obtained for north- and south-
facing surfaces of the 0. basilaris cladode sampled for Table 6.1 are 
also displayed in Figure 6.10 for comparison. 
77K fluorescence from PSII was monitored from both faces of the 
above O. stricta cladode concomitantly with changes in incident PFD 
throughout the day on 13 October 1986 (Fig. 6.11). The shade face did 
-2 -1 
not receive light in excess of 140 µmol quanta m s , while the sun 
face received an irradiance parallel to, and just slightly lower than 
that received on a horizontal plane. The shade face exhibited much 
higher levels of absolute fluorescence (F and F) relative to the sun 
o m 
face, and values of F /F indicative of healthy non-photoinhibited V m 
tissue throughout the day (around 0.8). The sun face, however, 
exhibited a pre-dawn F /F of 0.521 which declined slightly during V m 
midday as incident PFD reached its maximum and then returned to pre-dawn 
levels by the end of the day (incident PFD is low during the last few 
hours of the day after the sun drops behind trees and a nearby hill). 
Prior to sunrise on 13 December 1986, the same O. stricta cladode 
examined in Figures 6.10 and 6.11 was removed from the plant and placed 
on the ground (simulation of potential vegetative propagation event) 
with the shade face exposed to direct sunlight. Both F and F declined 
o m 
in the exposed shade face during the day, resulting in a decrease in 
F /F from the pre-dawn level of 0.818 to a minimum of 0.115 before 
V m 
climbing slightly to 0.218 at the very end of the _day (Fig. 6.12). The 
decline in F, F, and F /F was rather abrupt initially, and appeared 
o m v m 
to halt as the rise in incident PFD was interrupted by clouds (see also 
Fig. 6.13). The protected sun face, however, did not exhibit any 
decline in F /F, and may have even experienced some recovery. 
V m 
An exercise similar to that described in the previous paragraph was 
carried out with an 0. stricta cladode from a plant growing under the 
canopy of eucalypts and acacias, with results almost identical to those 
obtained from the shade face of the cladode from the plant growing in 
full sunlight (cf. Fig. 6.12 and 6.13). However, the values obtained in 
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Figure 6.13. Diurnal measurements of irradiance and fluorescence from PSII at 77K 
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Figure 6.13 were from that portion of the cladode that remained green , 
near the holes where samples were removed for fluorescence during the 
early morning. The majority of this cladode from the shade plant turned 
brown, and exhibited only an extremely elevated level of fluorescence 
(F ?), with no rise from the instantaneously measured signal. 
0 
Discussion 
At the outset, it should be noted that the following discussion 
rests on data from a limited number of sampling dates and that the 
conclusions which follow are only preliminary in nature. 
Opuntia basllaris 
The well watered, glasshouse maintained cladodes of 0. basilaris 
exhibited values of F /F ranging from 0.75 to 0.81, comparable to those V m 
found in normal healthy leaves in a survey of 44 species of c3 , c 4 , and 
CAM plants (Bjorkman and Dernrnig 1987), as well as in the previous 
chapters of this thesis. When grown under different PFD conditions this 
ratio still maintained its constancy despite large changes in the 
absolute levels of F and F fluorescence as well as chlorophyll 
o m 
concentrations (Table 6.2; see also Chapter 4). The measurements of 
quantum yield for o2 exchange in 0. basilaris showed a surprising amount 
of variation in glasshouse grown material which was unexpectedly 
correlated with maximum photosynthesis (Fig. 6.9). Estimates of quantum 
yield are difficult in tissues with high dark respiration rates and low 
rates of photosynthesis. The initial slope above the light compensation 
point was consistently used in these determinations, but the possibility 
that interactions between respiration and photosynthesis belie Figure 
6.9 cannot be ruled out. Thus, in this species, changes in quantum 
yield alone are not as reliable an indicator of photoinhibition as 
fluorescence from PSII. In the terrestrial leaf succulents, Kalanchoe 
daigremontiana and K. pinnata, changes in quantum yield were correlated 
with changes in F /F (Chapters 4 and 5), as was observed in several 
V m 
other species following photoinhibition (Bjorkman and Dernrnig 1987; 
Demmig and Bjorkman 1987). 
In stressed cladodes of 0. basilaris (either from Death Valley or 
water stressed in the glasshouse), both F /F and the quantum yield of 
V m 
o2 exchange were reduced (Figs. 6.4 and 6.5; Tables 6.1 and 6.3). That 
photoinhibition is likely to be responsible for these reductions is 
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indicated by greater reductions in the south face (sun exposed) relative 
to the north face of the cladode sampled on 5 October (Table 6.1). As 
most Death Valley cladode surfaces exhibited values of F /F below 0.6 V m 
throughout 1985 (Fig. 6.5), .o. basilaris apparently suffers from chronic 
photoinhibition at this site, although to what degree this may be due to 
actual damage as opposed to a high level of nonradiative dissipation of 
excess energy is unknown. 
The higher levels of absolute fluorescence from the north face of 
Death Valley O. basilaris cladodes relative to other faces (Fig. 6.3) is 
probably a response to the lower levels of PFD during growth, as was 
found in glasshouse grown plants (Table 6.2), as well as lower levels of 
photoinhibition. Although increasing chlorophyll concentrations could 
also contribute to the greater levels of fluorescence in the more shade 
grown glasshouse plants (Table 6.2), such is not likely in the Death 
Valley plants (Fig. 6.6A). 
The diurnal changes in 77K fluorescence of 0. basilarls (Figs. 6.3 
and 6.4) are similar to those observed by Bjorkman and Powles (1984) in 
Nerium oleander. As both F and F were reduced at midday (Fig. 6.3), 
o m 
it is possible that these transitory reductions reflect a protective 
response of the photosynthetic apparatus to the midday peak of PFD which 
results in a diversion of some of the additional energy to nonradiative 
decay (see Chapter 3). During the December measurements of F /F, a 
V m 
high layer of clouds partially obscured the sun at midday, reducing 
incident PFD, after which F /F rose in all faces. Thus, in field 
V m 
assessments of photoinhibition using 77K fluorescence the response of 
F /F to instantaneous PFD must be taken into account. 
V m 
Water stress is likely to be a factor in exaggerating 
photoinhibition in 0. basilaris, as indicated by comparison of 77K 
fluorescence from north and south faces of tissue~ at different water 
potentials. Barcikowski and Nobel (1984) showed that o/ . was uniform 
throughout the tissue of an 0. basilaris cladode. The greatest 
differences in F /F between north and south faces were observed under 
V m 
conditions of greater water stress (Figs. 6.4, 6.5, and 6.6). This is 
also supported by the relationship between o/ and F /F (Fig. 6.7). Such 
V m 
a conclusion is further justified by the fact that cladodes which were 
water stressed under controlled temperatures in the glasshouse also 
exhibited reductions in F /F and quantum yield (Table 6.3). Water 
V m 
stress has also been shown to predispose the c3 shrub Nerium oleander to 
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photoinhibition, as assessed by decreases in the co2 saturated rate of 
co2 uptake by whole leaves, the rate of electron transport in isolated 
chloroplasts, and 77K fluorescence (Bjorkman and Powles 1984). That the 
water status of O. basilaris from Death Valley is involved in 
exacerbating or ameliorating the degree of photoinhibition irrespective 
of temperature extremes is evidenced by the decreases in~ and F /F V m 
from March to April (a period without rain), and subsequent increases 
from April to May (following a rainfall event; Figs. 6.5 and 6.6), 
during which time the plants were subjected to fairly moderate 
temperatures (mean min of 12°c and mean max of 25°c; see Fig. 6.1). 
High temperature may also be a factor in determining the extent of 
photoinhibition in O. basilaris. In an assessment of photoinhibitory 
damage using 77K fluorescence, photoinhibition in Macroptilium 
atropurpureum was found to be further enhanced by high temperatures 
(Ludlow and Bjorkman 1984). Downton et al (1984), using steady state 
fluorescence (690nm) at different temperatures, found the limit of 
thermal stability for the photosynthetic apparatus of 0. basilaris in 
Death Valley during August to be s1.s 0 c, although they did not indicate 
the orientation of the cladode face which they sampled. Opuntia 
basilaris showed critical temperatures for cell function of 57 to 67°c, 
and exhibited greater heat tolerance of west versus east faces of 
cladodes (Smith et al 1984). Tissue temperatures in excess of 52°c were 
measured from west facing cladodes in Death Valley on 19 June. Since 
air temperatures exceeded those measured on 19 June in both July and 
August, it is likely that cladode temperatures also exceeded those 
measured on 19 June during the subsequent summer months. Comparison of 
these data indicate that heat induced photoinhibition could have 
occurred in 0. basilaris at prevailing summer temperatures in Death 
Valley, even though cladode temperatures may have _been subcritical for 
disruption of cell function. 
Although the levels of nocturnal acid accumulation were 
considerably higher in December relative to the other dates on which it 
was sampled (Fig. 6.6B), presumably in response to the fall rains (as~ 
would indicate, Fig. 6.6C), the levels of F /F did not appear to 
V m 
recover to the same degree as they had after the rains in May (Fig. 
6.5). This may be due, in part, to the long period of desiccation and 
heat experienced by the plants during the summer. It may also, however, 
be due to minimum night temperatures, which had already dropped below 
o0 c on four occasions in November (Fig. 6.1). No recovery from 
photoinhibition was detected in bean leaves below 10°c (Greer et al 
1986). Chlorophyll levels also showed little sign of recovery by 
December (Fig. 6.6A). 
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The values of F /F for O. basilaris in Death Valley indicate that 
V m 
it was photoinhibited throughout 1985. The question arises as to 
whether photoinhibition limits the photosynthetic activity of these 
plants. The levels of nocturnal acid accumulation measured in the field 
(excluding the December values) were very low and indicative of CAM-
idling only (Szarek and Ting 1974; Szarek et al 1973). Thus these 
plants were presumably restricted to internal recycling of respiratory 
CO2 , with no net carbon uptake from the atmosphere. However, 
photoinhibition may even restrict the ability of CAM plants to recycle 
CO2 in photosynthesis. Opuntla basilaris responds rapidly to rainfall 
events, showing almost immediate incre~ses in nocturnal co2 uptake and 
acid accumulation (Szarek and Ting 1975b; Szarek et al 1973) due to 
nocturnal stomatal opening. The elevated levels of F /F found in May 
V m 
(Figs. 6.4 and 6.5}, 11 days following a spring rain, indicate that some 
recovery from photoinhibition also occurs in response to rehydration. 
Further studies of the causes and long term effects of photoinhibition 
are needed before we can assess its importance in limiting the 
photosynthetic activity of O. basllarls and other desert CAM plants. 
Opuntia stricta 
In comparing the light response curves of sun and shade faces of 0. 
stricta with those of O. basilarls, it is clear that the cladode face of 
each species exposed to direct radiation has responded (or acclimated} 
quite differently (Fig. 6.10). Although there was some depression of 
quantum yield in the sun-exposed face of the 0. stricta cladode, its 
photosynthetic capacity was very elevated. This contrasts sharply with 
0. basilaris, where both the quantum yield and photosynthetic capacity 
were lower on the sun-exposed face (south} relative to the sun-protected 
face (north}. This capacity to maintain high photosynthetic rates at 
high PFD despite reductions in quantum efficiency is probably related t o 
the high levels of CAM activity present in 0. stricta. While the level 
-1 
of nocturnal acid accumulation in 0. stricta was about 130 µEq acid g 
-1 fresh weight, it was less than 40 µEq g fresh weight in 0. basilaris. 
The moister climate of the Warrumbungles relative to Death Valley is 
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probably largely responsible for the difference in CAM activity between 
the to Opuntia species (0. basilaris is certainly capable of greater 
rates of photosynthetic o2 evolution under well-watered conditions, see 
Fig. 6.8), although the possibility of high temperature effects on both 
CAM activity and photosynthesis of 0. basilaris growing in Death Valley 
cannot be excluded. 
The capacity for relatively high photosynthetic rates (above 30 
-
2 
-l f b 1 1· h ' ' 6 10) ' 0 ' µmol o2 m s ar e ow ig t saturation, Fig. . in . stricta 
confirm those predicted on the basis of rates of deacidification (Osmond 
et al 1979a). Similar high rates have been observed in several other 
CAM species (see Chapters 2, 4 and 5) under conditions of high co2 
concentrations supplied internally (via malic acid decarboxylation 
during deacidification) or supplied externally (5%C02 ). Thus the lower 
rates of co2 fixation generally reported for CAM plants at ambient co2 
concentrations during direct fixation of atmospheric co2 in the 
afternoon (including 0. stricta; Osmond et al 1979a,b) must be 
attributable to co2 limitations, despite the fact that co2 response 
curves for O. strlcta indicated saturation near ambient co2 levels 
(Osmond et al 1979a). This will be considered further in Chapter 9. 
The capacity for high rates of photosynthesis despite reductions in 
quantum efficiency in a plant such as 0. strlcta growing in full 
sunlight (Fig. 6.10) also highlights the potential differences between 
photoinhibition resulting from a photoinhibitory event, such as the 
exposure of a shade leaf to high light which yields reductions in both 
quantum yield and photosynthetic capacity (Powles and Critchley 1980; 
Powles and Osmond 1979; Powles and Thorne 1981; Powles and Bjorkman 
1982; Winter et al 1986; Chapters 4 and 5), and that resulting from 
growth under high light conditions. Although the fluorescence data in 
this study is not sufficient to distinguish between photoinhibitory 
damage and photoinhibition with a potentially protective function 
(diversion of energy away from the reaction centers), it is conceivable 
that the majority of the reduced quantum yield and F /F values in the 
V m 
exposed face of O. stricta results from high levels of nonradiative 
energy dissipation (Chapter 3). As this serves the function of 
diverting energy which is in excess of that needed to run 
photosynthesis, it may have no effect on photosynthesis at higher light 
levels. Any reduction in the quantum yield resulting from such a 
protective mechanism would be of little consequence to tissues which 
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experi ence high PFD for much of the day, where they would be operating 
far above the quantum yield region (Figs. 6.10 and 6.11). The 
possibility of even greater photosynthetic capacity in tissues growing 
under irradiances slightly below full sunlight cannot, of course, be 
excluded. 
The slight depression of F /F during the midday peak of irradiance 
V m 
in sun-exposed tissues of 0. stricta (Fig. 6.11) is similar to that 
observed in 0. basilaris (Fig. 6.4), and is probably indicative of 
increased levels of nonradiative energy dissipation, although the low 
levels of F
0 
and Fm precludes any detailed analysis of changes in these 
parameters which might confirm this possibility. The reductions in 
F /F during exposure of the shade faces of O. stricta cladodes to full 
V m 
sunlight (Figs. 6.12 and 6.13) are clearly indicative of 
photoinhibition. This appears to be due to a quenching of both F and 
m 
F
0
• However, as pointed out in Chapter 3, most plants are likely to 
exhibit a combination of a general quenching of fluorescence, indicative 
of an increase in nonradiative energy dissipation, and an increase in F 
0 
indicative of damage to photosystem II (both of which will result in a 
decrease in F /F). Thus it is quite probable that there was some V m 
damage to PSII, but the increase in F which might indicate this was 
0 
masked by the general quenching phenomenon which occurred during the 
exposure. This contrasts with the response 
species Hoya australis which did exhibit an 
exposure to full sunlight (see Chapter 7). 
cladode removed from the shade plant of 0. 
of shade leaves of the 
increase in F during 
0 
The fact that most of 
stricta and exposed to 
CAM 
the 
full 
sunlight turned brown, except near the holes where tissue was removed 
for fluorescence (where greater evaporative cooling is likely to have 
occurred), is probably indicative of heat-induced damage. 
Conclusions 
The suggestion that the internal cycling and regeneration of co2 
found in CAM plants might afford some degree of protection aga i nst 
photoinhibition, even in the absence of net co2 uptake from the 
atmosphere (Osmond 1982; Osmond et al 1980), seems to be f airly 
irrelevant in the case of 0. basilaris. In the field studies repo r ted 
here, nocturnal acidification was reduced during the period s o f gre at e st 
stress, so this protective function is likely to be minimal. Nobel and 
Hartsock (1983) found evidence of photoinhibition i n O. ficus-indica a t 
57 
-2 -1 light levels in excess of 36 mol m d (instantaneous PFD of about 835 
µmol quanta m- 2 s-l for 12 h}, as evidenced by reductions in nocturnal 
co
2 
uptake and acid accumulation. However, because the cladode surfaces 
of platyopuntias do not generally receive such sustained high PFD under 
natural conditions, they concluded that photoinhibition was unlikely to 
occur, unless other environmental factors were to make the cacti more 
susceptible to light damage. For 0. basilaris, it appears that the 
harsh environment which it inhabits does predispose it to inhibition of 
photosynthesis by high light, most probably through reductions in its 
ability to carry out CAM. On the other hand, O. stricta, which does 
possess high levels of CAM activity in the field, appears to be quite 
capable of acclimation to high PFD (Fig. 6.10). Opuntia stricta also 
appears to have a very high capacity for nonradiative dissipation of 
excess energy, as evidenced by its high phtosynthetic capacity despite 
low levels of F /F in sun tissues, as well as the fact that there was 
V m 
no detectable increase in F during exposure of shade tissues to full 
0 
sunlight. However, it is possibly imprudent to try and draw causal 
relationships between the level of CAM activity, photosynthetic 
capacity, and the capacity for high levels of nonradiative dissipation 
of excess excitation energy, as they may all be inextricably linked. 
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Chapter 7 - CATCHING SOME RAYS AT THE BEACH 
Comparisons of Photosynthesis and Photoinhibition in the CAM Vine Hoya 
austcalis and Several c3 Vines Growing on the Coast of Eastern Australia 
Introduction 
In the previous chapter the stem succulent Opuntia basllarls was 
shown to experience photoinhibition while growing in its natural bright-
light habitat in the Mojave Desert. In Chapter 4 the leaf succulent 
Hoya carnosa was shown to be capable of acclimation to low light, but 
apparently suffered from photoinhibition when grown at a PFD approaching 
full sunlight. To extend these findings further, a study was undertaken 
of the photosynthetic characteristics and acclimation potential of Hoya 
australis, a CAM plant closely related to H. carnosa, growing under 
natural conditions of both high light and deep shade. In addition, 
several c3 species with a similar growth habit (trailing vine) were also 
examined at the same field site. 
Materials and Methods 
Field Site and Species 
These studies were conducted at Middle Head (30° 50' S, 153° 00' E, 
-20 m elevation), a rocky outcrop which extends into the ocean north of 
Grassy Head and south of Scott's Head on the coast of northeastern New 
South Wales, Australia. Hoya australis R. Br. grows over the rocks in 
full sunlight as well as in deep shade between cracks and crevices and 
underneath overhanging rocks. The c3 species examined at this site 
included a shade tolerant vine, Smilax australis R. Br., which grew in 
full sunlight beside H. australis and in deep shade on the south side of 
Middle Head, as well as two vines, Ipomoea pes-caprae (L.) R. Br. ssp. 
brasiliensis (L.) Ooststr. (= I. brasiliensis (L.) Sweet) and Kennedia 
rubicunda Vent., both of which were apparently shade intolerant as they 
were found only in full sunlight. The topography of the site was such 
that the plants growing in full sunlight received only diffuse sky 
radiation from mid-afternoon on due to a cliff to the west of the 
plants. The incident PFD was measured with a quantum sensor (Li-Cor 
190SB in July; Li-Cor 190S on all subsequent dates). 
..... 
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Llghr Response Curves 
Light response curves of photosynthesis at 5% co2 and 25°c were 
obtained from leaf discs using a leaf disc o2 electrode as described in 
Chapter 4. Quantum yields (0) were calculated from a linear regression 
of the linear portion of the light response curve near and above the 
light compensation point. 
Diurnal co2 Exchange 
Diurnal measurements of net co2 exchange in H. australls were made 
with a Li-Cor LI-6000 Portable Photosynthesis System and a clamp-on leaf 
chamber with a volume of 1000 ml. 
Fluorescence 
Fluorescence from PSII (690nm) at 77K was measured with the second 
system described in Chapter 3. Tiss~e samples were placed in darkness 
for 7 min prior to freezing to allow reoxidation of Q, the electron 
acceptor of the PSII reaction center. After freezing the shutter was 
opened allowing the excitation light to strike the sample surface and 
the initial, instantaneous level of fluorescence (F; Q oxidized, all 
0 
reaction centers open) was recorded, followed by the maximum level of 
fluorescence (Fm; Q reduced, all reaction centers closed). Variable 
fluorescence, F, was calculated from the difference betweeen F and F . 
V m 0 
In March 1987 the same parameters were also determined from 
chlorophyll a fluorescence at ambient temperature using a pulse 
amplitude modulation fluorometer (Model PAM 101; H. Walz, Effeltrich, 
FRG; Schreiber et al 1986). The samples were placed in a small cuvette, 
dark adapted for 6 minutes, and the level of F ascertained with weak 
0 
-2 -1 light (0.013 µmol quanta m s ) from a light emitting diode passed 
through a fiber optic cable and 4 mm of perspex. - This was followed by a 
1 s flash of saturating white light (1100 µmol quanta m- 2 s-1 ) to 
transiently reduce Q and determine F . The samples were then dark 
m 
adapted for a further 3 min, frozen to 77K, and fluorescence (F and F) 
o m 
measured as described above. 
, 
I 
60 
Chlorophyll Analyses 
Fresh samples of H. australis were returned to Canberra and 
immediately ground in 80% acetone. Calculations of chlorophyll content 
and chlorophyll alb ratios followed Arnon (1949) after 
spectrophotometric analysis of the acetone extracts. 
Nitrogen Analyses 
Leaves of H. australis were dried at so 0 c and approximately 100 mg 
of tissue per sample was heated to 350°c for 3 h in a Kjeldahl digestion 
mixture (5 ml), cooled, diluted to 75 ml, and analyzed for total 
nitrogen using a Technicon Auto Analyser II. 
Chloride Analyses 
Leaves of H. australis were washed with distilled H2o, blotted dry, 
and then dried at so 0 c. After weighing, the dried samples were ground 
and boiled in 80% ethanol for 30 min during which time distilled H2o was 
added to maintain volume. Samples were then filtered, air dried, and 
brought to volume with distilled H2o. Cl ion content was determined by 
silver titration with a Buchler-Cotlove chloridometer. 
Carbon Isotope Analyses 
The S13c values from sun and shade leaves of H. australis were 
determined on samples prepared and analyzed as described in Farquhar and 
Richards (1984). 
Nocturnal Acid Accumulation 
Leaf punches of H. australis were sampled at dawn and dusk, weighed, 
and then stored in 80% ethanol. After dilution with H20, the samples 
were boiled and diluted further with distilled H2o, and the cooled 
extracts titrated to pH 7.0 with 0.01 N NaOH. 
Results 
Hoya australis 
Growth of H. australis under deep shade resulted in considerably 
longer internodes and much thinner leaves relative to plants growing in 
full sunlight (Table 7.1). Growth under these conditions also resulted 
in higher chlorophyll contents and a lower chlorophyll alb ratio in the 
Table 7. ~ Some characteristics of leaves of Hoya australls growing in 
full sunlight and in deep shade at Middle Head, NSW. Mean± SE (n). 
Characteristic 
Internode length, cm 
-2 g fresh weight cm 
Specific leaf weight, 
-2 
mg dry weight cm 
Chlorophyll content 
µg Chl g -1 fresh weight 
mg Chl -2 m 
Chlorophyll a/Chlorophyll 
Nitrogen content 
% dry weight 
-2 
mg N cm 
Chloride content 
µmol Cl 
µmol Cl 
-1 g dry weight 
-2 
cm 
b 
Sun leaves 
2.7 ± 0.6 (10) 
0.291 ± 0.016 (22) 
29.6 ± 1.7 (10) 
52 ± 11 (3) 
148 ± 31 ( 3) 
2.90 + 0.19 ( 3) 
0.69 ± 0.10 (5) 
0.198 ± 0.015 (5) 
555 ± 112 
15.5 ± 3.0 
-16.3 ± 0.2 
( 5) 
( 5) 
( 4 ) 
Shade leaves 
9.5 ± 0.7 (10) 
0.185 ± 0.012 (24) 
11.6 ± 0.6 (10) 
437 ± 27 ( 4) 
644 ± 38 ( 4) 
2.28 ± 0.05 (4) 
1.19 ± 0.05 (5) 
0.140 ± 0.015 (5) 
448 ± 69 
5.2 ± 0.9 
-17.7 ± 0.4 
( 5) 
( 5) 
( 4 ) 
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shade population of leaves (Table 7.1). The nitrogen content of the sun 
leaves was approximately 60% of that of the shade leaves when expressed 
as a fraction of the dry weight. However, there was more nitrogen per 
unit leaf area in the sun leaves due to their greater thickness. The 
chloride ion content of leaves from both populations was comparable on a 
dry weight basis, and approximately 3 times greater in the sun leaves on 
an area basis (again owing to their thicker nature). The o13c value of 
the sun leaves was slightly higher than that of the shade leaves. 
Measured levels of nocturnal acid accumulation in the sun population 
were greatest in the Autumn (April, when flowering occurred) and Spring 
(October, period of new growth), and lower in Winter (July) and Summer 
(December) (Table 7.2). The shade population generally exhibited lower 
levels of nocturnal acid accumulation, except in December when it was 
comparable to the sun population. 
Diurnal measurements of net co2 ~xchange in December 1986 revealed 
that the sun leaves possessed a co2 uptake pattern typical of plants 
possessing CAM, with a burst of co2 uptake at first light (which 
increased rapidly as the sun rose over the ocean), little or no co2 
uptake during the day until the irradiance dropped to about 100 µmol 
t m- 2 s-l i'n late ft d th · 't of CO t k quan a a ernoon, an e maJori y 2 up a e 
restricted to darkness (Fig. 7.1). The shade leaves, which received 
just over 5% of the light received by the sun leaves at peak irradiance, 
exhibited co2 fixation during both the light and dark periods. 
Light response curves of o2 exchange from the upper and lower 
surface of sun and shade leaves of H. australis are shown in Figure 7.2. 
The rate of dark respiraton was greater, the light compensation point 
higher, and the quantum yield greatly reduced in the sun leaf relative 
to the shade leaf, with little difference in the rate of photosynthesis 
-2 -1 
at approximately 1000 µmol quanta absorbed m s _ . Comparable results 
were obtained from the adaxial surface of sun and shade leaves in April 
1986, with the shade leaf exhibiting a dark respiration rate of -0.97 
1 0 - 2 -l 1· h . . f 9 1 t - 2 -l d µmo 2 m s , ig t compensation point o µmo quan am s , an 
-1 
a quantum yield of 0.105 mol o2 mol quanta absorbed, and the sun leaf 
-2 -1 
-2.32 µmol o2 m s , light exhibiting a dark respiration rate of 
compensation point of 26 µmol quanta -2 -1 m s , and a quantum yield of 
Similar differences were observed 
between the two surfaces of the sun leaf (Fig. 7.2), with the abaxial 
0.050 mol 02 
-1 quanta absorbed. mol 
(shaded) surface exhibiting a lower light compensation pcint and a 
Table 7.2. 
-1 
Levels of nocturnal acid accumulation (µEq acid g fresh 
weight) in Hoya australis growing in full sunlight and in deep shade on 
four dates during 1986 at Middle Head, NSW. Each value represents the 
average for two sets of leaves on each date. 
Date Sun leaves Shade leaves 
24, 25 April 51.0 
29, 30 July 16.1 5.7 
7, 8 October 24.6 15.4 
9, 10 December 19.7 15.8 
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higher quantum yield, although the adaxial surf ace may h ave a higher 
photosynthetic capacity. In the shade leaf, however, t he l ight 
compensation point and quantum yields were the same for both surfaces 
(Fig. 7 . 2) . 
77K fluorescence from PSII showed that absolute levels of 
fluorescence (F and F) were greater in the shade leaves than in the 
o m 
sun leaves, and that F /F remained fairly constant and high in the 
V m 
shade leaves throughout the day (Fig. 7.3). The shade leaves which were 
chosen for measurement of fluorescence in December actually received 
direct radiation from the sun due to its relatively high angle (near the 
summer solstice) (Fig. 7.4). This resulted in a decline in both F and 
m 
F, which initially had no effect on F /F, after which F and F 
o v m o m 
appeared to oscillate and F /F declined and oscillated to a small 
V m 
degree. 
leaves, 
In the sun leaves, however, F /F was lower than in the shade 
V m 
and appeared to decline dur~ng midday as irradiance increased 
(Figs. 7.3 and 7.4). A precise analysis of the causes for the decline 
in F /F in the sun leaves during midday is, however, difficult when 
V m 
each point represents the fluorescence from a different leaf. 
In March 1987, therefore, one shade leaf and three sun leaves 
similar in appearance to one another were chosen for analysis of 
fluorescence at room temperature at key points during the day (Table 
7.3). Here it can be seen that there was a massive decline in F /F in V m 
each sun leaf during direct illumination which was due to a general 
quenching of both F and F, and that considerable recovery from this 
o m 
quenching occurred after 3 to 4 hours of low irradiance during the la t e 
afternoon. Fluorescence from the shade leaf, however, remained 
relatively constant throughout the day. The changes in F and F a t 7 7K 
o m 
paralleled those at ambient temperatures in the sun leaves (da t a not 
shown) . F /F at 77K was slightly lower than a t ambie n t temperatures 
V m 
for most of the sun leaf determinations, while the oppos i t e was true for 
t he shade l e af. 
In October 1986 a shaded vine of H. australis was removed fr om the 
crevice in which it had been growing and placed on a rock beside that 
c r evice prior to dawn. As the sun rose t he r e wa s a general quenching of 
both F and F initially which had little impa ct on F /F (Fig . 7.5). 
m o v m 
Ho we ver, as incident irradiance continu e d to c limb , F ceased to decline 
0 
a n d began to rise while the value of F r ema i ned steady and then 
m 
continued t o fall even further. Although the absolute levels of F0 and 
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Figure 7.4. Diurnal measurements of irradiance and fluorescence from PSII (690nm) at 
77K from randomly chosen leaves of Hoya australis growing in full sunlight arid deep 
shade at Middle Head, NSW on 9 December 1986. 
Table 7.3. Changes in chlorophyll a fluorescence at ambient 
temperatures and in fluorescence from PSII (690nm) at 77K in Hoya 
australis in response to changes in incident irradiance at Middle Head, 
NSW on 8 March 1987 following five days of heavy rainfall. 
Time 
Sun leaf 1 
pre-dawn 
0944 
1239 
1430 
1728 
Sun leaf 2 
pre-dawn 
1013 
1255 
1430 
1759 
Sun leaf 3 
pre-dawn 
1042 
1325 
1430 
1828 
Shade leaf 
0816 
1109 
1349 
1849 
Irradiance 
-2 -1 µrnol quanta m s 
0 
1860 
1400 
140 
80 
0 
1850 
800 
140 
80 
0 
1360 
1000 
100 
50 
22 
22 
24 
8 
Fluorescence 
Ambient temperature 
F 
0 
11.2 
9.0 
9.0 
9.1 
11.3 
8.8 
8.8 
12.0 
13.0 
12.1 
12.3 
14.4 
13.3 
12.3 
12.3 
12.2 
F 
m 
48.3 
23.0 
13.6 
34.9 
50.2 
12.3 
11.8 
33.6 
54.5 
37.2 
19.4 
43.9 
66.0 
60.0 
63.7 
63.8 
F /F 
V m 
0.768 
0.609 
0.336 
0.739 
0.775 
0.285 
0.254 
0.643 
0.761 
0.675 
0.364 
0.672 
0.798 
0.795 
0.807 
0.809 
77K 
F /F 
V m 
-----
0.463 
0.302 
0.555 
0.681 
0.364 
0.267 
0.541 
0.667 
0.632 
0.349 
0.551 
0.846 
0.839 
0.822 
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Figure 7.5. Changes in irradiance and fluorescence from PSII (690nm) at 77K from a 
shade leaf of Hoya australis exposed to full sunlight at Middle Head, NSW on 10 
October 1986. 
F were different between the two sides of the midrib (note break in 
m 
Fig. 7.5), the general trends continued and F /F appeared to be 
V m 
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relatively unaffected during its decline. After the irradiance dropped 
in mid-afternoon, there was a slight relaxation of the quenching of F 
m 
which resulted in some recovery of F /F . 
V m 
Another leaf from the same vine exposed in Figure 7.5 was removed at 
1230 hand light response curves determined for each surface (Fig. 7.6). 
There was a severe reduction in the quantum yield of the upper surface, 
while the quantum yield of the lower surface appeared to be unaffected 
(compare with the shade leaf in Fig. 7.2). Photosynthetic capacity, 
however, remained greater in the upper surface. 
c3 Vines 
When compared with plants growing in full sunlight, the leaves from 
an individual plant of S. australis growing in deep shade exhibited 
lower dark respiration rates, light compensation points, levels of 
photosynthetic light saturation, and photosynthetic capacities (Fig. 
7.7). Fluorescence (F, F, and F /F) was also greater from the 
o m v m 
adaxial surface of the shade leaves relative to that of the adaxial 
surface of the sun leaves (Fig. 7.8). The quantum yields from both 
surfaces of S. australis leaves growing in full sunlight were identical 
(Fig. 7.7), as was F /F (Fig. 7.8). However, the photosynthetic 
V m 
capacity was greater on the abaxial surface of the sun leaf (Fig. 7.7), 
and F and F were also much higher than for either the adaxial surface 
o m 
of the same leaf or the shade leaf (Fig. 7.8). F /F remained high in 
V m 
the sun leaf throughout the day, with only a small quenching midday due 
primarily to reductions of F (Fig. 7.8). 
m 
The two apparently shade intolerant species, I. pes-caprae and K. 
rubicunda, possessed high quantum yields and mueh higher photosynthetic 
capacities (Fig. 7.9) than both H. australis and S. australis growing in 
full sunlight (Figs. 7.2 and 7.7). F /F from the upper surface of I. 
V m 
pes-caprae also remained high throughout the morning and early 
afternoon, with a mean value of 0.82 ± 0.02 (n=6). The light response 
curves from each surface of I. pes-caprae were virtually identical (Fig. 
7.9). Kennedia rubicunda exhibited greater photosynthetic rates from 
the adaxial surface at high irradiances (Fig. 7.9). 
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Discussion 
As in the previous and following chapters, the data from this 
fieldwork is limited in its sample size, and therefore the following 
discussion and conclusions should be viewed as somewhat preliminary in 
nature. 
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The responses of H. australis growing in high and low light under 
field conditions were very similar to those of H. carnosa growing under 
controlled glasshouse conditions (Chapter 4). Acclimation to deep shade 
was indicated by decreased leaf thickness, low dark respiration rates, 
low light compensation points, a lowered chlorophyll alb ratio, an 
increased chlorophyll content, and a slightly more negative o13c value 
(although temperature may have an influence on the o13c value of such 
field samples; Deleens et al 1985) (Table 7.1 and Fig. 7.2). As in H. 
carnosa, H. australis growing in full sunlight exhibited reduced levels 
of F /F fluorescence from PSII (Figs. 7.3 and 7.4 and Table 7.3), 
V m 
quantum yields (Fig. 7.2), photosynthetic capacity (Fig. 7.2), and 
levels of nocturnal acid accumulation (Table 7.2), all of which indicate 
that it experienced photoinhibition under these conditions. Despite the 
high degree of photoinhibition present in sun leaves of H. australis, 
they were still capable of a considerable amount of nocturnal co2 uptake 
(Fig. 7.1). However, H. australis grown under glasshouse conditions 
exhibited levels of nocturnal acid accumulation approximately four times 
as great as those observed in the field. Growth of H. carnosa under 
high light not only led to reductions in photosynthetic efficiency and 
capacity, but also in nocturnal acid accumulation (Chapter 4). 
The qualitative differences in the diurnal patterns of co2 uptake 
between sun and shade leaves of H. australis (Fig. 7.1) differ from 
those of Pyrrosia longifolia, in which no increase in daytime co2 uptake 
was observed in shade plants relative to sun plants (Winter et al 1986). 
However, a similar species, P. confluens, appears to exhibit continuous 
CO2 uptake, day and night (Winter et al 1983). It seems that different 
species are likely to respond differently to various environmental 
conditions. 
The transient quenching of fluorescence observed in sun leaves of H. 
australis during midday illumination (Fig. 7.3 and Table 7.3) probably 
reflects the operation of a protective mechanism against photoinhibitory 
damage whereby excess energy is diverted through nonradiative energy 
dissipation (Demmig and Bjorkman 1987; Demrnig e t al 1987b; see Chapter 
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3). This response appeared to be particularly pronounced following f ive 
days of heavy rainfall (Table 7.3). A similar depression of F, F, and o m 
F /F was observed in 0. basilaris growing in full sunlight in response 
V m 
to increases in midday irradiance (Figs. 6.3 and 6.4), and may also 
operate to a small degree in S. australis (Fig. 7.8). On the other 
hand, H. australis growing in the shade may have a limited capacity for 
such a protective response when transferred to full sunlight. These 
plants exhibited a rise in F, indicative of photoinhibitory damage 
0 
(Dermnig and Bjorkman 1987; Dermnig et al 1987b; see Chapter 3), 
overriding the initial quenching response of F
0 
(Fig. 7.5). Although 
the exposure of the shade leaf of H. australis to full sunlight resulted 
in considerable photoinhibition of the upper surface (Figs. 7.5 and 
7.6), the lower surface remained unaffected (compare quantum yields in 
Figs. 7.2 and 7.6). Similar responses were observed in the upper and 
lower surfaces of Nerium oleander f~llowing photoinhibition (Bjorkman 
and Powles 1984; Powles and Bjorkman 1982). The quantum yield of the 
lower surface of the sun leaf of H. australis was also greater than that 
of the upper surface (Fig. 7.2), indicating a lower degree of 
photoinhibition. 
One might also anticipate greater capacities for photosynthesis from 
chloroplasts on the upper surface of leaves (sun-acclimated) than from 
the lower surface (Terashima and Inoue 1985a,b). This certainly seems 
to be the case for H. australis and K. rublcunda (Figs. 7.2, 7.6, and 
7.9), although at true light saturation the chloroplasts throughout the 
leaf would all be operating at maximum capacity and the photosynthetic 
rate should be the same regardless of which surface is illuminated. 
However, it is possible that the succulent leaves of H. australis are 
simply too thick to allow light saturation to occur. The similarity of 
the light response curves for each surface of I ~ pes-caprae (Fig. 7.9) 
is not surprising given that the leaves of this species are somewhat 
folded up at the midvein, allowing direct illumination of each surface 
at different times during the day. The light response curves of S . 
australis sun leaves (Fig. 7.7), however, are somewhat of an enigma. In 
this case the quantum yield was essentially the same for both surfaces 
(as was F /F; Fig. 7.8), indicative of the same degree of 
V m 
photoinhibition (or lack thereof) of photosynthetic electron transport, 
and yet the rates of co2 saturated photosynthesis from the lower surface 
would appear to be greater than that from the upper surface . Pos s ibly 
there is some inhibition of carbon metabolism on the upper, exposed 
surface~ This deserves further attention. 
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Several things can be noted in comparing the photosynthetic light 
response curves of the species examined in this study growing in full 
sunlight. One is that the shade intolerant species (I. pes-caprae and 
K. rubicunda) possessed higher photosynthetic capacities than did the 
shade tolerant species (H. australis and S. australis) (Figs. 7.2, 7.7, 
and 7.9). This is probably due to an inability of the two shade 
tolerant species to acclimate fully to full sunlight. However, a number 
of other factors are likely to contribute to such differences under 
field conditions. For instance, leaf age was unknown, and young leaves 
of H. australis grown under full sunlight with adequate water and 
nutrient supply were capable of greater rates of photosynthesis than 
those tested in the field (not shown). One could also speculate on the 
importance of the nitrogen and Cl ion contents, however cause and 
effect are by no means clear. Nitrogen content was observed to decline 
and Cl content to increase with age in glasshouse grown H. australis 
(not shown). Thus it may be that lowered photosynthetic capacities, 
nocturnal acid accumulation, nitrogen contents, and chlorophyll contents 
(also found to decrease with age in glasshouse plants), and increased 
Cl ion contents are all symptoms of a suite of changes that reflect a 
prolonged period of senescence in high light grown H. australis. 
It is also clear that H. australis, as well as the stem succulent 0. 
basilaris (Chapter 6), experience photoinhibition to a greater degree 
when growing under full sunlight than do the c3 species examined in this 
study. It is possible that high temperature stress is a contributing 
factor to photoinhibition in CAM tissues which are unable to utilize 
evaporative cooling through transpiration during the day (the lower 
surface of H. australis sun leaves reached 40°c in December 1986). 
During periods of water stress it is also possible that the co2 provided 
through CAM-idling (Rayder and Ting 1983) may be insufficient to prevent 
damage to the photosynthetic reaction centers. Such possibilities could 
apply equally well to the photoinhibition experienced by O. basilaris, 
which is restricted to nocturnal co2 fixation only (Hanscom and Ting 
1978), and therefore experiences quite elevated tissue temperatures 
under prevailing summer conditions in its natural habitat (Chapter 6). 
In addition, its low level of CAM activity while idling (Szarek and Ting 
1974, 1975b ; Szarek et al 1973; Chapter 6) is ur1likely to provide the 
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sort of protection against photoinhibtion provided by the large pools of 
malic acid sequestered in nocturnal co2 fixation in the previous 
experiments with K. pinnata (Chapter 5). Opuntia stricta, which d i d not 
appear to suffer from photoinhibition to the same degree as 0. basilaris 
(Chapter 6), is capable of transpirational cooling in the afternoon 
during direct fixation of atmospheric co2 through the PCR cycle (Osmond 
et al 1979b), and has much higher levels of nocturnal acid accumulation 
(Osmond et al 1979a,b; Chapter 6). These same limiting factors are 
likely to apply to epiphytic CAM plants in fully exposed microhabitats 
as well, as is suggested by the studies in the next chapter. 
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Chapter 8 - GOING OUT ON A LIMB 
Photosynthetic Acclimation to Light i n the Epiphytic CAM Species 
Pyrrosia confluens and Dendrobium speciosum 
Introduction 
As pointed out in Chapter 1, there are many plants in the epiphytic 
habitat (especially in the Orchidaceae and Bromeliaceae) which possess 
CAM, which presumably provides a means of conserving water between 
precipitation events. Unlike many terrestrial CAM species, the 
epiphytic species may be subject to intermittent or almost continual 
shading from direct sunlight. Although the epiphytic species utilizing 
CAM tend to be found in the drier, more exposed portions of the canopy, 
and those utilizing c3 photosynthesis in the more protected portions of 
the canopy (Griffiths and Smith 1983; Winter et al 1983), this is by no 
means an exclusive correlation. 
The presence of CAM in an epiphytic fern was first recognized a 
little more than a decade ago (Hew and Wong 1974), and identified in the 
genus Pyrrosia two years later (Wong and Hew 1976). Some epiphytic 
members of this genus exhibit little or no capacity for CAM (Sinclair 
1984; Winter et al 1983), some exhibit a large and distinct capacity for 
CAM, i.e. P. longifolla (Wong and Hew 1976; Winter et al 1986), and the 
main subject of this study, P. confluens, appears to be somewhat 
intermediate in its ability to utilize CAM (Winter et al 1983). It is 
found in microhabitats ranging from full sunlight to deep shade, and is 
capable of taking up co2 almost continuously, day and night. This does, 
however, result in considerable water loss during the day, and even the 
species with strong CAM (P. longlfolia) exhibited a complete cessation 
of co2 exchange with the atmosphere after 5 days of desiccation while 
terrestrial CAM members of the Crassulaceae (Kalanchoe) and Cactaceae 
(Schlumbergera) continued to fix co2 in both the light and dark periods 
after 15 days of desiccation (Ong et al 1986). Therefore the recycl i ng 
of respiratory co2 through CAM-idling, if it occurs, may take on an even 
greater temporal significance in the epiphytic habitat than i n t he 
terrestrial habitat during a period of reduced water avai l ability. 
This chapter addresses the acclimation of two ep i p hy te s to v a r ious 
light environme nts i n their natural habitat. The f i rs t is t he 
aforementioned fern, P. confluens, and the second is an epiphytic 
orchid, Dendrobium speciosum, also known t o e xhibit CAM in both low and 
high ligh t conditions (Winter et al 1983 , 1986). 
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Materials and Methods 
Field Sites 
The epiphytic fern Pyrrosia confluens (R. Br.) Ching was studied in 
situ on the northern (sun exposure) edge of a subtropical rainforest at 
Darrigo National Park, NSW (30° 22' S, 152° 45' E, 720 m elevation), as 
well as on the eastern coast at Middle Head, NSW (30° 22' S, 153° 00' E, 
20 m elevation) where it grew as a lithophyte. The epiphytic orchid 
Dendrobium speciosum Sm. was collected from an area of subtropical 
rainforest remnants at Long Point, NSW (30° 25' S, 151° 55' E, 850 m 
elevation) and returned to Canberra where light response curves were 
immediately obtained. 
Methods 
Light response curves and quant~ yields (0) of o2 exchange were 
obtained as described in Chapter 2. Fluorescence from PSII at 77K was 
obtained with the second system described in Chapter 3. Incident PFD 
was measured with a quantum sensor (Li-Cor 190S). Chlorophyll 
concentrations and o13c values were ascertained as described in Chapter 
4. Samples for determination of nocturnal acid accumulation were 
collected at dusk and dawn, stored in 80% ethanol, and returned to the 
laboratory for extraction and titration to pH 7.0 with O.OlN NaOH. 
Results and Discussion 
Pyrrosia confluens 
The shade fronds of P. confluens, which were a dark green in color, 
were thinner (Table 8.1) and longer (Table 8.2) than sun fronds, which 
were generally somewhat yellow in appearance. This was also recognized 
by Winter et al (1983). However, reproduction was mu~h greater in the 
sun fronds (Table 8.2). As was observed in the controlled experiments 
with K. daigremontiana in Chapter 4 (Fig. 4.10), and in natural 
populations of H. australis (Table 7.1), the o13c value of P. confluens 
fronds growing in the shade were more negative than those growing in 
full sunlight (Table 8.3). The levels of nocturnal acid accumulation in 
both the sun and shade fronds of P. confluens were relatively low and 
comparable to one another in July and December (Table 8.1). Although 
the species clearly exhibits CAM, it is only of limited capac i t y . CAM 
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Table 8.1. Measurements of nocturnal acid accumulation and fresh weight 
per unit leaf area for sun and shade populations of P. confluens fronds 
during winter, spring, and summer in a subtropical rainforest at Derrigo 
National Park, NSW. The levels of nocturnal acid accumulation represent 
the mean of 2 determinations, each of which was garnered from 3 to 7 
leaves. 
Date/population 
31-7-86 
Sun 
Shade 
11-10-86 
Sun 
Shade 
11-12-86 
Sun 
Shade 
Nocturnal acid accumulation 
µ.Eq acid g-l fresh weight 
14.0 
13.5 
5.2 
23.9 
21.1 
23.9 
g fresh weight cm-2 
(mean ± S. E. (n) ) 
0.111 ± 0.004 (6) 
0.071 ± 0.007 (6) 
0.086 (2) 
0.076 ± 0.001 (4) 
0.105 + 0.006 (4) 
0 .! 090 ± 0.004 (4) 
Table 8~2. Frond length and percent of fronds with sporangia for sun 
and shade populations of P. confluens growing on the coast at Middle 
Head, NS:W. 
Population 
Sun 
Shade 
Frond length (cm) 
(mean ± S . E . ( n) ) 
6.6 ± 2.1 (123) 
12.1 ± 0.4 (111) 
Sporangia present 
( % ) 
62.6 
10.8 
Table 8.3. o13c values of sun and shade fronds of P. confluens growing 
as a lithophyte (Middle Head, NSW) and as an epiphyte (Dorrigo National 
Park, NSW). Mean± SE (n). 
Site Sun Shade 
Middle Head 
-19.2 (2) -24.1 (2) 
Derrigo -19.5 ± 0.2 (3) -20.7 (2) 
70 
in tlus species may, in fact, be inhibited in strong light (see October, 
Table 8.1), or under conditions of extreme cold (the low on the morning 
0 
of 1 August 1986 reached -5 C). 
Light response curves for several fronds of P. confluens growing in 
full sunlight, medium shade, and deep shade reveal similar responses to 
those seen in H. australis (Fig. 8.1). Most specifically, the shade 
plant possessed a high quantum yield while the sun plants exhibited 
greatly reduced quantum yields indicative of photoinhibition. Light 
response curves from a closely related species, P. longifolia, did not 
reveal any differences in the quantum yields of fronds growing in sun-
exposed and shaded habitats, although the light compensation point was 
higher in the sun fronds (Winter et al. 1986). Winter et al (1986) 
attributed the absence of acclimation of photosynthetic capacity to high 
light in this species to nutrient limitations. As in any epiphytic 
habitat, this is probably also important in the inability of P. 
confluens to acclimate to full sunlight. 
Measurements of fluorescence from PSII at 77K from a sun population 
of fronds on the east side of a tree and a shade population of fronds on 
two different occasions revealed that the shade fronds exhibited higher 
levels of fluorescence (F and F) as well as F /F (Figs. 8.2 and 8.3). 
o m v m 
Fv/Fm from the sun fronds appeared to be lower in the morning during 
exposure to high light and to rise in the afternoon when the irradiance 
was only slightly greater than that incident on the shade fronds. This 
was due primarily to higher levels of F in the afternoon, and may again 
m 
be indicative of the operation of a protective mechanism whereby excess 
energy is dissipated via an increase in nonradiative energy transfer 
(Demmig and Bjorkman 1987; Demmig et al 1987b; see Chapter 3). It seems 
unlikely that CAM is able to provide much protection from 
photoinhibition in this species, as the levels _of nocturnal acid 
accumulation were very minimal (Table 8.1). 
In December the shade population actually received some fairly high 
irradiance (much of it sunflecks) during the morning, and F /F rose 
V m 
slightly in the afternoon during the low light (Fig. 8.4). The sun 
population, however, received very little direct light at all. These 
measurements were taken near the summer solstice, and the height of the 
sun was such that the canopy shielded these west facing fronds from 
direct sunlight for most of the day. Consequently the levels of Fm were 
elevated in the sun fronds relative to those sampled in October, and 
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F /F was comparable to that of the shade population. These results 
V m 
emphasize the dynamic nature of the light environment in the epiphytic 
habitat, and indicate the potential for recovery from photoinhibition in 
sun-exposed tissues. Unlike exposed, terrestrial habitats, the 
epiphytic habitat is one in which it is unlikely that plant tissues will 
be totally exposed to direct sunlight for the entire day. Given the 
evergreen nature of most CAM tissues, the dynamic aspects of the 
epiphytic light environment, both diurnally and seasonally (particularly 
important in deciduous forests), is undoubtedly instrumental in the 
survival of these plants. 
Dendrobium speclosum 
Light response curves for tissues of D. speciosum which grew under 
full sunlight, medium shade, and deep shade are shown in Figure 8.5. 
Respiration rates and light compensation points were greatest in the 
sun-exposed leaf and lowest in the shade leaf, while the quantum yield 
of the sun leaf was approximately half that of the medium and deep shade 
leaves. The shade leaf possessed the greatest absorptance, highest 
chlorophyll content (on either an area or fresh weight basis), and was 
thinner than those which developed under higher light. The light 
response curve of the self-shaded leaf from the sun plant (Fig. 8.5) is 
similar to that of a D. speciosum leaf reported to be growing in 
intermediate to full sunlight (Winter et al 1986). These responses to 
the different light conditions during growth are very similar to those 
obtained for the terrestrial leaf succulents examined in Chapter 4, 
indicative of acclimation to low light in the shade plants, and of 
photoinhibition in the leaf exposed to full sunlight. 
As is true of the data found in the previous two chapters, the data 
presented in this chapter is somewhat limited in size. Therefore all of 
the conclusions need to be verified by further fieldwork. However, it 
does appear that all of the CAM species in Chapters 6, 7, and 8 
responded similarly to the different light environments. 
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Chapter 9 - TO THE FORESTS 
Integration, Discussion, and Conclusions 
In the preceding chapters of this thesis the long- and short-term 
responses of CAM plants to different light environments have been 
examined. This is the first study to consider the photosynthetic 
acclimation potential of CAM plants directly. It has been demonstrated 
that plants utilizing CAM are clearly capable of morphological and 
physiological acclimation to conditions of deep shade, both under 
controlled light environments (Chapters 2 and 4) and in various field 
situations (Chapters 7 and 8). Relative to plants grown at higher PFD, 
such acclimation was manifest through reductions in leaf thickness, 
rates of respiratory o2 uptake, light compensation point, levels of 
irradiance required for saturation of photosynthesis, maximum rates of 
photosynthetic o2 exchange, and levels of nocturnal acid accumulation, 
as well as increases in chlorophyll content and the absolute levels of 
fluorescence from PSII. At the other extreme, when growing in bright 
light, most of the CAM plants examined in this thesis exhibited symptoms 
of photoinhibition, particularly in the field. At the end of his review 
on the responses of plants to different PFD, Bjorkman (1981) stated "It 
seems evident that photoinhibition does not normally occur in plants 
under the light regimes encountered in their natural environments." 
Perhaps this is true for most plants, including the c3 species examined 
in Chapter 7. However, for CAM plants growing in full sunlight, in the 
desert (Chapter 6), on rock outcrops (Chapter 7), and in the epiphytic 
habitat (Chapter 8), it seems that photoinhibition is a common 
phenomenon. It should be cautioned, however, that the field data 
presented in this thesis is of a limited nature, and that further work 
is necessary to verify all of the conclusions set forth here. 
Unlike c3 plants, CAM plants grown in bright light have the 
potential for a very high internal partial pressure of co2 during the 
morning, and this should be sufficient to allow the orderly dissipation 
of excitation energy through photosynthesis, thus protecting the 
photosynthetic apparatus against photoinhibition (Osmond 1982; Osmond et 
al 1980). For CAM plants acclimated to shade, the presence of such an 
internal co2 source appears to be of no consequence when they are 
transferred to a high PFD. Shade-grown K. plnnata was photoinhibited to 
the same degree upon exposure to high PFD regardless of whether CO2 
7 3 
fixation had been allowed to proceed the previous night or not (Chapter 
5). On the other hand the internal pool of co2 provided by the 
nocturnal fixation of co2 into malic acid was adequate to prevent 
photoinhibition of sun-grown K. pinnata under conditions of high light 
during deacidification. These sun-grown K. pinnata were grown under 
ideal conditions with adequate water and nutrients. 
The CAM plants examined in the field were undoubtedly subject to 
various environmental stresses and most restricted to minimal CAM 
activity. Except for O. stricta, all of the species in the field 
exhibited levels of nocturnal acid accumulation which were only 
approximately 10% of those oberved in K. pinnata. It seems that some 
degree of CAM-idling (Szarek et al 1973) occurs in most CAM plants under 
natural conditions, but it is likely that the co2 supplied in this 
manner is insufficient to prevent photoinhibition in full sunlight. 
Afterall, deacidification is usually complete within 4 hand if stomata 
remain closed, photorespiratory co2 cycling is likely to be the only 
other source of co2 available. This may mitigate photoinhibition in c3 
plants for several hours (Powles et al 1979) but its long term efficacy 
has not been demonstrated. In most of the CAM species examined under 
field conditions the internal co2 pool is clearly of limited 
significance, and other processes may be more important in protecting 
the photosynthetic apparatus against damage. 
In this context it is interesting to consider the recovery of F /F 
V m 
in the shaded sun population of P. confluens (Fig. 8.4). In this case 
Fv/Fm was essentially at the same level found in the leaves from the 
shade population, and this appeared to be due primarily to a relaxation 
of F quenching with no change in F relative to their levels from sun 
m o 
leaves on previous occasions (compare Fig. 8.4 with Figs. 8.2 and 8.3). 
This suggests that recovery in the previously ~un-exposed leaves was due 
to a decrease in nonradiative energy dissipation (the protective 
response) rather than any repair of damage to PSII (see Chapter 3). 
Bjorkman (1988) reported that reduced levels of 0P in leaves of 
mangroves growing in full sunlight, relative to those in shade, were 
largely due to much higher levels of nonradiative energy dissipation, 
and that it required 7 days of shading for this protective mechanism to 
relax sufficiently for 0P in the sun leaves to approach that found in 
the shade leaves. It seems entirely conceivable that the majority of 
photoinhibition observed in the CAM species growing in full sunlight is 
74 
due to a high degree of nonradiative energy dissipation rather than any 
damage to PSII. The diurnal changes in fluorescence from PSII observed 
in H. australis (Table 7.3) certainly indicates a high capacity for such 
a diversion of excess energy. Even 0. stricta, which had relatively 
high levels of nocturnal acid accumulation and a very high capacity for 
photosynthetic o2 evolution at high PFD (Fig. 6.10), exhibited evidence 
of reduced photochemical efficiency (reduced quantum yield and level of 
F /F; Figs. 6.10 and 6.11) from its sun-exposed face. Given its 
V m 
capacity for high rates of photosynthesis at high PFD, it seems unlikely 
that the reductions in photochemical efficiency are due to damaged PSII 
reaction centers. 
Although high levels of CAM activity (nocturnal acid accumulation) 
appear to be instrumental in alleviating photoinhibition under high 
light (Chapters 4 and 5, and compare O. stricta with 0. basilaris in 
Chapter 6, or with any of the other CAM species under field conditions), 
it is difficult to separate this factor from the photosynthetic capacity 
of a given leaf or cladode. The two appear to be related to one another 
(Fig. 4.9; and compare 0. basilaris with 0. stricta in Chapter 6), and 
it has been suggested that the capacity for greater rates of light-
saturated photosynthesis in sun leaves, allowing a greater dissipation 
of energy through photosynthesis, is one factor responsible for their 
lower susceptibility to photoinhibition relative to shade leaves 
(Bjorkman 1981; Powles 1984). Such is probably involved in the 
acclimation of the c3 species to high light in Chapter 7 (Fig. 7.9). In 
CAM plants, however, both are probably necessary, as high levels of 
nocturnal acid accumulation can support a high level of photosynthetic 
activity during the subsequent day, and a high level of photosynthesis 
during the day results in a high degree of nocturnal acid accumulation. 
A comment on the capacity for relatively high rates of 
photosynthetic o2 evolution observed in some of the CAM plants examined 
in this thesis should probably be interjected at this point. These 
rates, as high as 20 (Chapter 2), 30 (Chapters 4 and 6), and even 40 
µrnol o2 m-
2 
s-l (Chapter 5), usually below light saturation, are higher 
than any ever reported for co2 exchange during direct fixation of 
atmospheric co2 through the PCR cycle by CAM plants. Even when 
photorespiration is suppressed by low o2 concentrations, the resulting 
increases in co2 uptake, though significant (Osmond and Bjorkman 1975; 
Winter 1980), come nowhere near those reported here. Winter (1980) 
75 
observed an increase in the rate of co2 uptake from 4 to a little more 
-2 -1 than ·6 µmol co2 m s during the afternoon when the o2 concentration 
was decreased from 21% to 2%. The high concentrations of co2 used in 
the measurements of photosynthesis with the leaf disc o2 electrode, 
either provided internally (malic acid) or externally (5%), presumably 
also overcome photorespiratory limitations to CO2 fixation (but see 
Bravdo and Canvin 1979, who observed no effect of co2 concentration up 
to 1150 µl 1-l on photorespiration). However the discrepancy between 
the potential rates of photosynthesis (measured with the o2 electrode) 
and those attained during direct fixation of atmospheric co2 during the 
day indicates that the photosynthetic system in these plants is geared 
to the high co2 concentrations prevailing in the tissues during malic 
acid decarboxylation and is probably severely limited upon stomatal 
opening in the light. Such a limitation during the afternoon may also 
require a high capacity for nonradiative dissipation of excess energy 
under conditions of high light, even under ideal conditions where 
stomata do not restrict the uptake of atmospheric co2 . 
If photoinhibtion is so prevalent in CAM plants growing in full 
sunlight, then why do they grow there? As pointed out previously, many 
CAM species can be found in shady rainforest habitats as epiphytes. 
Even in the Negev Desert, the exposed habitats are dominated by various 
shrubs, while the CAM plant Caralluma negevensls is limited to shady 
gaps and crevices between rocks (Lange et al 1975). Although partial 
shade was found to be more conducive than full sunlight to growth and 
CAM activity in Bromelia humllls (Medina et al 1986), the vegetative 
health and vigor of a plant should not be the only factor to be 
considered in the success of a species. While most of the species 
examined in this thesis suffered from photoinhibition in high light, 
they were all observed to be reproducing under ~uch conditions. In 
fact, reproduction in P. confluens appeared to be greater in full 
sunlight than in deep shade (Table 8.2), and flowering was profuse on H. 
australis vines growing in full sunlight and did not occur at all in the 
shade (personal observation). 
The presence of some CAM plants in high light situations may simply 
reflect their greater competitive ability under such conditions as a 
consequence of processes other than photosynthetic efficiency. High 
light habitats tend to be both hotter and drier, and CAM is an obvious 
advantage in habitats where water may be limiting to other species . 
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Establishment is likely to occur under favorable conditions and, once 
established, CAM plants are able to persist through periods without 
precipitation which are unfavorable to other plants. However, such a 
persistence will probably depend on some degree of carbon and water 
conservation via CAM-idling, even though this may be insufficient to 
prevent photoinhibition. Other factors which may also contribute to an 
increased susceptibility to photoinhibition in CAM plants in bright 
light are elevated tissue temperatures in the absence of transpirational 
cooling. Nevertheless, it also seems clear that, at least in the case 
of O. basilaris, considerable recovery from photoinhibition is possible 
when conditions favorable for CAM and plant growth return (Chapter 6). 
Thus, photoinhibition in CAM plants under full sunlight may be an 
unavoidable consequence of their ability to survive through prolonged 
periods of decreased water availability when other plants would lose 
their leaves or die. 
Although most of the plants examined under field conditions were 
growing in either full sunlight or deep shade, it should be emphasized 
that, in most habitats a species, or even the photosynthetic organs of a 
given plant, will be subject to a range of light environments which may 
change with time. Thus, as in the controlled experiments in Chapter 4, 
one could anticipate a range of acclimation phenomena in natural 
populations as well. More controlled, long-term studies of the 
responses of CAM plants to growth under high light are necessary to 
fully understand the apparent prevalence of photoinhibition in such 
plants under field conditions. However, the degree of acclimation to 
high light observed in a given species is undoubtedly dependent on the 
previous history, age, and genetic potential of that species (or 
photosynthetic organ) responding to a combination of environmental 
factors such as water status, temperature, and nutrient availability. 
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